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Introduction:

The purpose of this project is to study the molecular mechanisms underlying E1A’s proapoptotic
effect and anti-tumor activity and to dissect the functional domains of E1A that are critical for its
antitumor activity. Because a phase I E1A gene therapy protocol for human breast and ovarian
cancers was completed and a phase II clinical trial is undergoing, we also plan to develop an
alternative E1A mutant construct to maximize E1A therapeutic effects while minimizing its
potential side-effects for cancer gene therapy in the future. The successful reconstruction of this
mutant E1A gene will largely depend on our in vitro as well as in vivo studies of the different

mutant stable cells.

Body

Statement of Work (no change):

Task 1: To test whether E1A could repress VEGF expression and whether or not mutation of

the CR1 domain of E1A will abrogate this activity.

Task 2: To test whther CR1 domain of E1A represses VEGF transcription through
recruitment of HDAC-1 via binding with p300

Task 3: To test whether E1A promotes apoptosis through its CR2 domain by disruption
pRB-E2F-1 complexes, releasing free E2F-1.

Task 4: To test the therapeutic effect of the E1A N-terminal mutant as an alternative

construct for gene therapy in a nude mouse model.

A. Studies and Results:

In the past year we have continued to work on understanding the molecular mechanisms underlying
E1A’s proapoptotic effect and antitumor activity. Also we have been trying to identify other

molecules that may be regulated by E1A via the genomic and proteomic approaches. This work
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may provide useful information for identification of novel target genes of E1A and new biomarkers

as therapeutic targets. The progress for each aim will be discussed separately as following:

Task 1:

We have observed that stable expression of E1A do repress VEGF expression by Northen blot in
cell culture in vitro (Figure 1B) and by immunohistochemistry in tumor tissue in vivo (Figure 1B).
We also mapped the domains of E1A responsible for downregualtion of VEGF expression (Figure
1C). We found that deletion mutation of an N-terminal fragment (ANT) of E1A enhanced the

repression effect of E1A in VEGF expression in animal models (Figure 1C).

Task 2:

Using antibody array approach, we identified quite a few molecules that are associated with E1A
(Figure 2). By comparing the antibody array pattern obtained from cell lysates of wild type E1A
and different functional domain deletion mutation of E1A, we obtained evidences to support our
hypothesis that repression of VEGF expression by E1A is achieved by inhibition of the histone
accetyltransferase (HAT) activity of p300 via HDAC1. We found that the mutation of these
functional domain do affect E1A’s association with several proteins (Figure 3A). In particular, the
N-terminal deletion mutant binds with HDAC1 more than wild-type E1A, while deletion of either
the N-terminal or CR1 domain did not affect E1A binding with pRB or pRB2. However, deletion
mutation of the CR2 domain resulted in a loss of binding with pRB, though its binding with pRB1
was enhanced (Figure 3A). Because wild-type E1A and the CR2 mutant bind HDACI to a lesser
extent, the binding of E1A with HDAC1 could be through indirect binding with pRB. In addition,
to test whether the altered binding with HDAC1 in ANT mutant will contribute to its enhanced
activity in repressing the expression of VEGF through p300, we transiently transfected wild-type
E1A and different domain deletion mutant stable cells with a Flag-tagged HADC1 construct and
did a co-IP study by IP with anti-Flag antibody (M2) and Western blot with p300. We found that
more p300 were recruited to HDACI in ANT cells than wild-type E1A or ACR1 and ACR2 mutant
(Figure 3B). These findings consistent with our studies on VEGF expression in animals (Figure
1C) and suggest that repression of VEGF expression by E1A might be achieved by inhibition of the
histone acetyltransferase (HAT) activity of p300 through its binding with pRB and recruitment of
HDACIL.



Task3:

In the past year, we have been intensively working on the molecular mechanisms underlying E1A’s
proapoptotic effect. We have not yet been able to test the role of free E2F-1in E1A-mediated
chemosensitization, however, report from Dr. Lowe’s group did show that free E2F-1 played a
critical role in E1A-mediated chemosensitization in normal fibroblasts through upregulation of pro-
caspase enzymes, such as caspase-3, -7, -8, and -9 (Nahle Z, et al, Nature Cell Biology, 2002; 4
(11): 859 — 864) (1). However, when we screening our E1A stable cell lines established in human
cancer cells with epithelial origin, such as human breast (MCF-7, MDA-MB-231), ovarian (2774,
SKOV3.ipl), and prostate cancer cell lines (PC-3), we did not obtain a consensus enhancement of
these procaspase enzymes (Figure 4A). In addition, loss of pRB expression in human cancer cells
either from epithelial origin or from fibroblast did not result in enhanced expression of these
procaspase enzymes (Figure 4B). These results suggest that additional mechanisms may be
involved in E1A-mediated sensitization to drug-induced apoptosis in human cancer cells.
Therefore, in addition to the original proposed experiment, we also explored those molecules
involved in regulation of apoptosis and we found that E1A downregulated a critical oncogenic
survival factor Akt while upregulated a proapoptotic factor p38. We demonstrated that activation of
p38 and inactivation of Akt were necessary and sufficient for E1A-mediated sensitization to
apoptosis induced by serum-starvation, ultraviolet (UV) -irradiation, tumor necrosis factor (TNF) -
o, and different categories of anti-cancer drugs, such as adriamycin/doxorubicin, cisplatin,
methotrexate, gemcitabine and paclitaxel (Taxol) (data published in MCB, 2003,23: 6836-48, also
see appendix). Further studies show that E1A by upregulation of the catalytic subunit of PP2A
(PP2A/C) enhanced the activity of PP2A, which results in repression of Akt activation in E1A
expressing cells (Figure 5). In addition, we showed that activation of PP2A/C is required for
E1A-mediated sensitization to drug-induced apoptosis, since blocking PP2A/C expression using a
specific small interfering RNA (siRNA) against PP2A/C reduced drug sensitivity in E1A-
expressing cells. Deletion mutation of the CR2 of E1A, which is required for E1A-mediated
sensitization to drug-induced apoptosis, also abolished E1A’s ability to upregulate PP2A/C. A
manuscript described the above results have been accepted recently by Cancer Research as
Advance in Brief (see appendix).

Recent reports published in Nature Genetics suggested a tumor suppressor role for p38, as
inactivation of p38 by a protein phosphatase PPM1D (also called Wipl, which stands for a wild-
type p53-inducible protein phosphatase) is involved in the development of human cancers by
suppressing p53 activation (2-4). As Wip1 is also located within a breast cancer amplification
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epicenter (5), We also wanted to test if E1A could affect Wipl activity. By screening several pairs
of E1A stable cell lines established in human breast cancer, we found that expression of E1A do
repress Wipl protein expression compared with the respective vector transfected control cells
(Figure 6). In addition, we also found that repression of Wip1 expression was correlated with E1A-
mediated activation of p38 activity and inactivation of Akt (Figure 6). By using small interference
RNA (siRNA) approach, we blocked Wipl expression and observed that repression of Wip1 also
resulted in enhanced expression of phosphorylated p38 (Figure 7A) and increased spontaneous
apoptosis in MCF-7 cells after blockade of Wipl by the siRNA (Figure 7B). Therefore, we
constructed a set of retroviral vectors expressing stable Wipl siRNA against various domains of
Wipl and were transfected into MCF-7 cells. Stable cells with reduced levels of Wipl expression
were selected and ready for future characterization. As Wipl is also located within a breast cancer
amplification epicenter (5), we therefore proposed to determine if Akt will directly affect Wipl
phosphatase activity and indirectly affect p38 activation. We found that Akt directly associated with
Wip1 (Figure 8A) and phosphorylated Wip1 by in vitro kinase assay using purified recombinant
GST-Wipl as a substrate for Akt (Figure 8B). Further experiments are proposed to determine which
site(s) of Wip1 will be phosphorylated by Akt and whether phosphorylation of Wip1 by Akt affects
Wipl phosphatase activity toward its substrates, such as p53 and p38. To better understand the
biological function of Wipl and map the domain(s) interacts with Akt, a serial deletion mutation
constructs of Wip1 were established. In addition, to further evaluate the role of Wipl in mammary
tumorigenesis, a mammary specific Wipl overexpression transgenic model is planned. We will also
validate whether Wipl is a good target for the treatment of human breast cancer by in vitro as well

as in vivo studies using the Wip1 transgenic model.

Task 4:

The preliminary results we obtained from the animal model study showed that at least the N-terminal
mutant of E1A worked as good as that of the wild-type E1A in terms of repression tumor growth and
sensitization to chemotherapy in vivo in the context of a systemic gene therapy (Figure 9A). After
combined two independent experiments together (N= 8), we monitored the survival rate of wild-type
E1A or N-terminal deletion mutant with or without combination with Taxol for more than a year.
Again, we observed that the N-terminal mutant of E1A worked as good as that of the wild-type E1A in
terms of prolongation of animal survival time (Figure 9B).

Although we are not at the time to construct an alternative E1A construct for gene therapy based on the

above results, we have constructed a C-terminal E1A mutant and tested its in vivo effect on tumor
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growth in animal models. Since we have not been able to establish a stable cell lines with C-terminal
expression, we have constructed a tet-on/off regulated wild—type E1A and C-terminal E1A inducible
expression constructs and established tet-off/on inducible cell lines with wild—type E1A or C-terminal
E1A expression in breast cancer MCF-7 cells. The biological effects of these stable cells and the
therapeutic efficacy of this C-terminal mutant in comparison with wild-type E1A and a N-terminal

mutant E1A gene in a gene therapy setting await further analysis.

To gain a global view of genes and proteins regulated by E1A, we also used cDNA microarray and
proteomic technologies including 2-D gel electrophoresis and Ciphergen protein chip array to identify
the target genes and proteins associated with E1A in breast cancer cells. Differentially expressed genes
were found in E1A stable cells versus parental cells by either the cDNA microarray or 2-dimensional
gel electrophoresis and Ciphergen protein chip technology (Figure 10). Althoguh these experiments
are not directly related to the original proposal, they are relevant to E1A’s proapoptotic effect and anti-
tumor activity and to breast cancer. Therefore, we will continue to pursue on finding E1A associated

molecules and dissect their function on tumor growth and apoptosis in breast cancer.

Key research accomplishments:

(1). We mapped domains of E1A responsible for downregulation of VEGF expression.

(2). Evaluated the chemosensitization effect of E1A by systemic E1A gene therapy approach.
(Cancer Gene Therapy, 2004).

(3). We have found that upregulation of p38 activity and downregulation of Akt activity are
necessary and sufficient for E1A-mediated sentization to apoptosis induced by serum-—starvation,
TNF-o, UV-irradiation, and different categories of anticancer drugs (MCB, 2003).

(4). We have found that E1A downregulated a protein phosphatase PPM1D expression, which is
amplified/overexpressed in human breast cancer.

(5). We identified that a few novel proteins associated with E1A by antibody array approaches and
some of them have been also confirmed by co-IP and western blot analysis.

(6). We have found that upregulation of PP2A activity by E1A contributes to E1A-mediated
downregulation of Akt activation and correlates with E1A-mediated chemosensitization (Cancer
Research, in press, 2004).

(7). We provided data to support that repression of VEGF expression by E1A might be achieved by
inhibition of the HAT activity of p300 through binding with pRB and HDACI by antibody array
and Co-IP approaches.




(8). We have mapped that CR2 domain of E1A is required for E1A-mediated downregulation of
Akt, upregulation of PP2A/C and p38 (MCB, 2003; Cancer Research, in press, 2004).

Reportable outcomes:

1. Manuscripts accepted or published:
Liao Y, Hung MC: “Regulation of p38 activity by Akt and its association with adenoviral
E1A-mediated sensitization to apoptosis. ” MCB, 2003, 23: 6836-48.

Liao Y*, Zou YY, Xia WY, Hung MC: “Enhanced paclitaxel cytotoxicity and prolonged
animal survival rate by non-viral mediated systemic delivery of E1A gene in orthotopic
xonograft human breast cancer.” Cancer Gene Therapy, 2004: in press.

Liao Y, Hung MC: “ A new role of protein phosphatase 2A in adenoviral E1A-mediated
sensitization to anti-cancer drug-induced apoptosis.” Cancer Reseach, 2004: in press.

Xia WY, Chen SJ, Zhou X, Sun PR, Lee DF, Liao Y, Zhou BP, Hung MC:

Phosphorylation/Cytoplasmic Localization of p21 Cipl/WAF1 15 Associated with
HER2/neu Overexpression and Provides a Novel Combination Predictor for Poor Prognosis
in Breast Cancer Patients. Clinical Cancer Research, 2004; 10:3815-24.

2. Abstracts and presentations:

Liao Y*, Hung MC: “Integration of the pro- and anti-apoptotic signals by adenoviral E1A
proteins contribute to E1A-mediated sensitization to anti-cancer drug-induced apoptosis in human
breast cancer.” The 24™ IABCR international conference, Sacramento, November 2-6, 2003

3. Stable cell lines and constructs:
Stable Wip1 promoter driving luciferase reporter expression construct in MC{-7 cells
pSuper-Wip1 siRNA expression construct in MCF-7 cells

Serial deletion mutation constructs of Wipl

Conclusion:

These studies on the molecular mechanisms underlying ElA’s tumor suppression and
chemosensitization can help us to better design an alternative E1A constructs for future gene therapy.
Specifically, identification of additional E1A target genes, such as PPM1D, PP2A, Akt and p38, may
help us in finding novel ways to treat cancer patients by targeting the deregulated signals. The
combination of E1A gene therapy with Taxol or other chemotherapeutic drugs is one potential new
therapeutic approach for the treatment of cancer patients, as we have shown in the animal models. The
mutant E1A construct(s), if it works in animal model, could potentially be translated into the clinic and

be of great benefit to breast cancer patients.
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The adenoviral early region 1A (E1A) protein mediates sensitization to different stimulus-induced apoptosis,
such as tumor necrosis factor alpha, UV and gamma irradiation, and different categories of anticancer drugs.
However, the molecular mechanisms underlying E1A-mediated sensitization to apoptosis are still not com-
pletely defined. Here, we show that E1A-mediated sensitization to apoptosis by the inactivation of a key survival
factor Akt and the activation of a pro-apoptotic factor p38. Also, inactivation of Akt by either a specific
inhibitor or a genetic knockout of Akt1 results in p38 activation, possibly through the release of the activity of
p38 upstream kinases, including ASK1 and MEKK3. In addition, we showed that p38 phosphorylation is
downregulated and Akt phosphorylation is upregulated in multiple human tumor tissues, and this correlates
with tumor stage in human breast cancer. A deletion mutation of a conserved domain of E1A, which is required
for E1A-induced downregulation of Akt activity, disrupts E1A-mediated upregulation of p38 activity and also
eliminates E1A-mediated chemosensitization. Thus, activation of p38 and inactivation of Akt may have general
implications for tumor suppression and sensitization to apoptosis.

Many types of tumors are associated with activated onco-
genic kinases, and two complementary roles of these oncogenic
kinases are stimulating signaling pathways that enable cells to
function independent of their environment and making tumor
cells resistant to genotoxic therapies, such as chemo- and ra-
diotherapy (22, 24, 48). Deregulated growth signaling pathways
and acquired resistance toward apoptosis therefore constitute
two hallmarks of most, if not all, human tumors (18). For
example, it has been shown that the serine/threonine kinase
Akt and its family members Akt 2 and 3 are either amplified or
their activity is constitutively elevated in human carcinomas
such as breast, pancreatic, ovarian, brain, prostate, and gastric
adenocarcinomas (39, 50). As it is a direct downstream target
of phosphatidylinositol 3-kinase (PI3K), Akt is also a key on-
cogenic survival factor and can phosphorylate and inactivate a
panel of critical proapoptotic molecules, including Bad,
caspase 9, the Forkhead transcription factor FKHRL1 (known
to induce expression of proapoptotic factors such as Fas li-
gand), GSK3-B, cell cycle inhibitors p21 and p27, and tumor
suppressor TSC2, etc. (4, 25, 39, 50, 58). Akt can also inactivate
p53, a key tumor suppressor, through phosphorylation and
nuclear localization of MDM2 (33, 50, 59). Activation of Akt
has been shown to induce resistance to apoptosis induced by a
range of drugs (41). Thus, molecules that can block Akt activity
may have important significance in cancer therapy and drug
sensitization.

The adenovirus early region 1A protein (E1A) induces che-
mosensitization among different categories of anticancer
drugs, including cisplatin, adriamycin, etopside, staurosporine,
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5-fluorouracil, and paclitaxel (Taxol) (5, 14, 16, 32, 45, 53),
suggesting that a general cellular mechanism may exist to reg-
ulate E1A-mediated chemosensitization. However, the molec-
ular mechanisms underlying E1A-mediated chemosensitiza-
tion are still not completely defined. Earlier studies on normal
fibroblast cells revealed that E1A-mediated sensitization to
cytotoxic anticancer drugs depends on the expression of func-
tional p53 and pl9ARF, an alternative splicing form of
pl6INK4a (12, 31, 32). E1A was also shown to downregulate
Her-2/neu overexpression and facilitate E1A-mediated sensi-
tization to the cytotoxicity of anticancer drugs in human breast
and ovarian cancer cells (53, 55, 56). In another study, E1A was
reported to mediate sensitization to anticancer drugs in human
osteosarcoma cells (16) in a p53- and Her-2/neu-independent
manner. Similarly, there is no correlation between p53 protein
level and sensitivity of DNA-damaging agents in keratinocytes
carrying adenovirus E1A (45). A few other critical molecules
were also proposed to be involved in E1A-induced chemosen-
sitization, such as the proapoptotic protein Bax, caspase 9, or
a yet unidentified inhibitor that ordinarily provides protection
against cell death (14, 15, 34, 43, 49, 52). However, none of the
above molecules or pathways can really serve as a general
cellular mechanism for E1A-mediated sensitization to apopto-
sis in a diverse cellular context. Recently, transcriptional up-
regulation of procaspases (such as pro-caspase 3, 7, 8, and 9)
through E1A-mediated disruption of pRB function and subse-
quent release of free E2F-1 was reported to contribute to both
p53-dependent and p53-independent drug sensitization by
ElA in diploid normal fibroblast cells (37). In the present
study, we found that E1A can activate p38 and inactivate Akt
and showed that this pathway may provide a general cellular
mechanism for E1A to mediate sensitization to different cate-
gories of anticancer drugs.
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MATERIALS AND METHODS

Cell culture, cell harvest, and Western blot. Human breast, ovarian, prostate,
pancreatic, and colon cancer cell lines were grown in Dulbecco’s modified Ea-
gle’s medium-F-12 (Life Technologies, Inc., Rockville, Md.) supplemented with
10% fetal bovine serum. The stable E1A-expressing cell lines in breast cancer
MDA-MB-231 and MCF-7 were established as described previously (36, 52).
Similarly, domain deletion mutant constructs of E1A were transfected into
MDA-MB-231 cells, and stable clones were screened and selected in the pres-
ence of G418. Akt knockout mouse embryonic fibroblasts (MEFs) and myris-
toylated, membrane-bound, constitutively active Aktt (myr-Akt)-transfected sta-
ble Ratl cells were provided by Nissim Hay (University of Illinois at Chicago,
Chicago) (10).

For the analysis of basal Akt and p38 expression and activity, cells were serum
starved overnight before harvesting. Cells were then washed twice with cold
phosphate-buffered saline (PBS) and lysed in a lysis buffer containing 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 1% Nonidet P-40,
1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate (NaVOs),
and 1.5% aprotinin. The cell extracts were clarified by centrifugation, and protein
concentrations were determined by using a Bio-Rad (Hercules, Calif.) protein
assay reagent and analyzed in a spectrophotometer with bovine serum album
(Sigma, St. Louis, Mo.) as the protein standard. Aliquots of protein were re-
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Millipore Corp., Bedford, Mass.) by using
standard procedures. The membranes were then subjected to Western blotting,
and the blots were developed with the enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Piscataway, N.J.).

Primary antibodies. For Western blot analysis, rabbit polyclonal antibodies
against phospho-Akt (Ser 473, catalog no. 9271, 1:1,000 dilution) and phospho-
p38 (Thr 180/Tyr 182, catalog no. 9211, 1:1,000 dilution) were purchased from
Cell Signaling Technology (Beverly, Mass.). Rabbit polyclonal antibodies against
nonphosphorylated total Akt (catalog no. 9272, 1:500 dilution), p38 (catalog no.
9212, 1:500 dilution), and cleaved poly(ADP-ribose) polymerase (PARP)
(Asp214, catalog no. 9541, 1:1,000 dilution) were also from Cell Signaling Tech-
nology. A rabbit polyclonal antibody against beta-actin was used as a loading
control for Western blotting and was purchased from Sigma. For immunohisto-
chemical (IHC) study, we used an IHC-specific rabbit polyclonal antibody
against phospho-Akt (Ser 473, catalog no. 9277) or an IHC-specific monoclonal
antibody against phospho-p38 (Thr180/Tyr 182, catalog no. 9216) at a 1:75
dilution for both antibodies. The monoclonal antibody used against the E1A
proteins was M58 (PharMingen, San Diego, Calif.). Rabbit polyclonal anti-Bax
antibodies, a hamster anti-human Bcl-2 monoclonal antibody, and rabbit poly-
clonal anti-ASK1 (H-300) antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, Calif.). Mouse monoclonal antibodies against human
caspase 3 and 7 were from Transduction Laboratories (1:1,000 dilution, C31720;
Lexington, Ky.) and BD PharMingen (1:1,000 dilution, 66871A), respectively.
Rabbit polyclonal antibodies against human caspase 8 and 9 were from Santa
Cruz Biotechnology (1:500 dilution, SC-7890/H-134) and Cell Signaling Tech-
nology (1:500 dilution, no. 9502), respectively. To detect hemagglutinin (HA)-
tagged proteins, a monoclonal anti-HA antibody was used (1:1,000 dilution,
catalog no. 1,583,816; Boehringer Mannheim, Indianapolis, Ind.). A monoclonal
anti-FLAG antibody (M2) was purchased from Sigma (1:1,000 dilution).

Transient transfection, MTT assay, luciferase assay, and FACS analysis. The
standard MTT assay was performed to measure the viable cells after treatment
with anticancer drugs as described previously (52). Expression vectors for HA-
p38, constitutively active Akt (CA-Akt), dominant-negative Akt (DN-Akt), and
cytomegalovirus driving luciferase (pcDNA3-Luc) were used in this study. First,
10° cells in a 60-mm dish were transfected with 2.2 pg of total DNA by using the
DC-Chol cationic liposome as described previously (52). After 48 h, the cells
were split into three sets: one used for a luciferase assay after exposure with or
without paclitaxel for 24 h, one used to analyze Akt and p38 protein expression,
and one fixed in 75% ethanol, stained with propidium iodide (25 pg/ml), and sent
for fluorescence-activated cell sorter (FACS) analysis. The percentage of pacli-
taxel-treated cells that exhibited luciferase activity was normalized by using the
luciferase activity of the untreated cells as the baseline (100%). Standard devi-
ations from three independent experiments were calculated.

Establishment of IPTG-inducible DN-p38 stable cell lines. One E1A-express-
ing MDA-MB-231 clone was cotransfected with an isopropyl-8-p-thiogalactopy-
ranoside (IPTG)-inducible DN-p38a construct (a gift from Philipp E. Schere,
Albert Einstein College of Medicine, Bronx, N.Y.) and the plasmid pCMVLacl
(Stratagene, La Jolla, Calif.). Stable clones were selected in the presence of 200
ng of hygromycin/ml.
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Immunoprecipitation. After transient transfection with HA-tagged p38 or
CA-Akt, cells were stimulated with 10 uM insulin for 15 min. Cells were then
lysed, and cell lysates were centrifuged at 16,000 g for 30 min. The supernatants
were then transferred to a fresh tube. Proteins were cleared via addition of a
normal mouse or rabbit immunoglobulin G and immunoprecipitated with anti-
p38, anti-Akt, or anti-HA antibodies. Immunoprecipitates were resolved by so-
dium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Akt, p38, and ASK1 were detected by Western blot-
ting.

Kinase assay. Nonradioactive kinase assay kits for p38 and Akt were pur-
chased from Cell Signaling (New England BioLabs, Beverly, Mass.). The p38 and
Akt kinase activities were measured according to the manufacturer’s protocol
with glutathione S-transferase (GST)-ATF-2 as the substrate for p38 and GST-
GSK-3-B as the substrate for Akt.

Tissue microarray and immunohistochemistry. Tissue microarray slides (His-
toArray no. IMH-343/BA2 and IMH-304/CB2) were purchased from IM-
GENEX (San Diego, Calif.). Detailed information about each slide is available
online. Slide processing and immunohistochemical staining were performed ac-
cording to the manufacturer’s protocol. Briefly, tissue slides were heated at 60°C,
deparaffinized in xylene, hydrated in graded ethanol, and then immersed in tap
water. Antigen retrieval was performed with 0.01 M citrate buffer at pH 6.0 for
20 min in a 95°C water bath. Endogenous peroxidase activity was quenched in
3% hydrogen peroxide solution followed by three sequential PBS washes (5 min
each). Slides were then blocked by the respective normal serum for each primary
antibody, incubated with primary antibody diluted in TBS-T (50 mM Tris-HCl
[pH 7.6], 150 mM NaCl, 0.1% Tween 20) containing 1% ovalbumin and 1 mg of
sodium azide/ml, incubated with biotinylated secondary antibody for 30 min at
room temperature, washed with PBS again, and incubated with avidin-biotin
complex (Vestastain Elite ABC kit; Vector Laboratories, Inc., Burlingame, Cal-
if.). Slides were washed with PBS again, incubated with the AEC (3-amino-9-
ethylcarbazole) substrate kit (catalog no. Sk-4200; Vector Laboratorics, Inc.),
and then counterstained in Meyer’s xylene.

One representative slide per case was evaluated with the antibodies mentioned
above. The intensities of staining seen in differént areas of the same slide were
analyzed according to criteria described previously in the literature (1). The
intensity was designated 0 when no cells stained, 1+ when 10 to 20% of cells
stained (weak), 2+ when 20 to 50% of cells stained (moderate), and 3+ when
more than 50% of cells stained (strong).

Statistics. For statistical analysis, groups scored as 0 and 1+ were combined as
weak staining while groups scored as 2+ and 3+ were combined as strong
staining, Similarly, to simplify the statistical analysis, breast tumors with stages 1
and 2 were combined as early stages of tumors (n = 25 cases) while tumors with
stages 3 and 4 were combined as late stages of tumors (n = 25 cases). Statistical
analysis was performed by using x? analysis.

RESULTS

E1A upregulates p38 activity and downregulates Akt activ-
ity. To determine whether apoptosis-related kinases are in-
volved in E1A-mediated sensitization to apoptosis, we exam-
ined the phosphorylation status of three well-known kinases
involved in regulation of apoptosis, p38, Akt, and JNK, in
ElA-expressing MDA-MB-231 and MCF-7 cells (231-E1A
and MCF-7-E1A) versus vector-transfected cells (231-Vect
and MCF-7-Vect). We detected phosphorylated p38 in cells
stably expressing E1A but not in vector-transfected cells. How-
ever, the level of phosphorylated Akt was much higher in
vector-transfected cells than in E1A-expressing cells. The lev-
els of total Akt and p38 were similar in both types of cells (Fig.
1A). Kinase assays showed that p38 activity was higher and Akt
activity was lower in 231-E1A and MCF-7-E1A cells than in
231-Vect and MCF-7-Vect cells (Fig. 1B and C). We did not
detect any difference in the level of phosphorylated JNK be-
tween ElA-expressing and vector-transfected cells (data not
shown). These results indicated that E1A enhanced the activity
of the proapoptotic kinase p38 and repressed the activity of the
antiapoptotic kinase Akt but did not affect JNK phosphoryla-
tion.
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FIG. 1. Upregulation of p38 activity and downregulation of Akt activity by E1A correlated with E1A-mediated sensitization to paclitaxel-
induced apoptosis. (A) Phospho-p38 (p38-p) and phospho-Akt (Akt-p) levels in E1A-expressing cells versus those in vector-transfected MDA-
MB-23! and MCFE-7 cells arc shown. Total p38 (p38) and Akt (Akt) were used as loading controls. Results of kinase assays of p38 (B) and Akt
(C) and densitometric analysis of relative p38 activity with GST-ATF-2 as a substrate and Akt activity with GST-GSK-3-B as a substrate in
E1A-expressing cells versus vector-transfected control cells. E, E1A-expressing cells; V, vector transfected control cells. (D) Expression of caspase
3,7, 8, and 9 procnzymes in E1A stable cells established in human breast cancer cell lines MCF-7, MDA-MB-231, and MDA-MB-453 and ovarian

cancer cell line 2774. V, vector control; E, E1A stable cells.

A recent report showed that transient transfection of E1A
resulted in the accumulation of caspase proenzymes in human
normal diploid fibroblasts (37). We therefore compared the
expression levels of caspase proenzymes caspase 3, 7, 8, and 9
between E1A transfectants and vector-transfected carcinoma
cells, including breast cancer MDA-MB-231, MDA-MB-453,
and MCF-7 cells and ovarian cancer 2774 cells. Unlike what
was demonstrated with normal fibroblast cells, we did not
observe a unanimous increase of thesc caspase proenzymes in
the E1A stable cclls established in human cancer cells with
epithelial origins (Fig. 1D). This suggests that transcriptional
upregulation of the caspasc procnzymes in these human cancer
cells may not be as critical as it is in the normal fibroblast cells
and that other cellular mechanisms may exist for the E1A-
mediated sensitization to apoptosis in human cancer cells.

Upregulation of p38 activity and downregulation of Akt ac-
tivity correlate with E1A-mediated sensitization to paclitaxel-
induced apoptosis. To test whether alteration of the kinase
activity of Akt or p38 played a role in EIA-mediated sensiti-

zation to apoptosis, we compared the kinetics of phosphoryla-
tion of Akt or p38 with paclitaxel-induced apoptosis in 231-
E1A cells by using PARP cleavage and Bcl-2 phosphorylation
as apoptotic cell death markers. PARP cleavage and Bcl-2
phosphorylation occurred after decreased Akt phosphoryla-
tion and increased p38 phosphorylation in 231-E1A cells after
exposure to 0.01 pM paclitaxel (Fig. 2A). However, no signif-
icant change was detected in the protein levels of p53 and Bax
(Fig. 2A). The same concentration of paclitaxel did not trigger
PARP cleavage, induce Bcl-2 phosphorylation, or modulate
the levels of phosphorylated p38 and Akt in the parental
MDA-MB-231 cells (data not shown). To trigger a similar
response in parental MDA-MB-231 cells, a much higher dos-
age was required (Fig. 2B). The results suggest that downregu-
lation of Akt and upregulation of p38 activities may be in-
volved in the E1A-mediated sensitization to paclitaxel-induced
apoptosis.

Activation of p38 and inactivation of Akt are required for
ElA-mediated sensitization to drug-induced apoptosis. To




VoL, 23, 2003

A Minutes
r \ N
Taxol 0 5°15°30°2 4 6 121624

Hours

p38 ACTIVATION BY ADENOVIRAL EIA VIA REPRESSION OF Akt 6839

B
MDA-MB-231

. { ApéflfP g Taxol
AKt-p : 7| Ap89PARF
Akt e | Akt-p
- ~mmmemewe P3P -] Akt
 PE——— p38 " o “W p38-p
e cec === :\/gg:g-p o st _/p38
[ ww ww w oo o - - p53 ween ﬂl]33ccll--22-p
—— . - - Bax o amaw o=l Actin
A Actin

FIG. 2. Upregulated p38 activity and downregulated Akt activity correlate with El1A-mediated sensitization to paclitaxel-induced apoptosis.
(A) Kinetics of PARP, Akt, p38, Bcl-2, p53, and Bax protein expression in 231-E1A cells before and after exposure to 0.01 pM paclitaxel. Bel-2
phosphorylation and PARP cleavage were detected at 6 and 12 h after exposure to paclitaxel and became more obvious thereafter. Phosphorylation
of p38 was first detected after 30 min to 2 h and then become more obvious after 4 h of treatment. Dephosphorylation of Akt could be detected
even earlier, at 5 min posttreatment. Actin was used as a loading control. A dramatic alteration of each molecule was marked with an asterisk.
(B) Dose-dependent effect of PARP cleavage and Akt and p38 phosphorylation in MDA-MB-231 cells after exposure to paclitaxel for 24 h. The
concentrations of paclitaxel used ranged from 0 to 0.001, 0.01, and 0.1 pM.

evaluate whether activation of p38 is required for E1A-medi-
ated sensitization to paclitaxel, we tested whether blocking p38
activity could inhibit E1A-mediated sensitization in 231-E1A
cells. We used the specific p38 inhibitor SB203580 (Fig. 3A)
and a DN-p38 mutant to block p38 activation (Fig. 3B). A
pcDNA3-Luciferase (pcDNA-Luc) construct was transfected
into 231-E1A cells, and luciferase activity was used as a mea-
surement for cell survival. Pretreatment with SB203580 inhib-
ited the phosphorylation of p38 in cells with or without expo-
sure to paclitaxel (Fig. 3C, lanes 3 to 4) and protected cells
from a paclitaxel-induced decrease of luciferase activity (Fig.
3C, lane 2 versus lane 4). In addition, FACS analysis showed
that pretreatment with SB203580 protected 231-E1A cells
from paclitaxel-induced apoptosis (27.5% versus 18.0%) (Fig.
3D, lanes 2 and 4, bottom). These data suggest that p38 acti-
vation is required for E1A-mediated sensitization to paclitaxel-
induced apoptosis. Using a DN-p38 to block p38 activation
further supported the above results (Fig. 3B). When the cells
were switched to medium containing 5 uM IPTG for 24 h,
expression of IPTG-inducible DN-p38 was induced in the pres-
ence or absence of paclitaxel (Fig. 3B, lower panel). FACS
analysis showed that induction of DN-p38 by IPTG signifi-
cantly inhibited paclitaxel-induced apoptosis (Fig. 3B, upper
panel). Identical results were obtained when two additional
stable clones were studied (data not shown). However, IPTG
could not induce this effect in the 231-E1A cells without IPTG-
induced DN-p38 (data not shown). Taken together, these data
suggest that p38 activation is required for E1A-mediated sen-
sitization to paclitaxel-induced apoptosis.

To determine whether downregulation of Akt activity is also
required for E1A-mediated sensitization to paclitaxel, we ex-

amined whether activation of Akt by transfection of CA-Akt
would inhibit paclitaxel-induced apoptosis in 231-E1A cells.
The level of phosphorylated Akt and luciferase activity was
increased in CA-Akt-transfected 231-E1A cells compared with
that in the control 231-E1A cells (Fig. 3C, lanes 1 and 2 versus
lanes 5 and 6). FACS analysis showed that fewer apoptotic
cells were detected in CA-Akt-transfected cells (15.9%) than
in control 231-E1A cells (27.5%) after exposure to paclitaxel
(Fig. 3D, lane 2 versus lane 6, bottom). Thus, inhibition of Akt
phosphorylation is also required for E1A-mediated sensitiza-
tion to paclitaxel-induced apoptosis.

Activation of p38 and inactivation of Akt represent a general
cellular mechanism in response to different apoptotic stimuli.
To determine whether the same mechanism of E1A-mediated
sensitization to paclitaxel applies to other anticancer drugs, we
tested the effects of four additional drugs used in the clinic for
treatment of human cancer. These four anticancer drugs in-
duce antitumor activities through different modes of action:
doxorubicin-adriamycin (topoisomerase II inhibitor), cisplatin
(DNA-damaging agent), methotrexate (antimetabolite drug),
and gemcitabine (antimetabolite drug). The expression of E1A
significantly enhanced each drug’s cytotoxicity in MDA-MB-
231 cells, determined by using the MTT assay (Fig. 4A). In
addition, downregulation of Akt phosphorylation and upregu-
lation of p38 phosphorylation and PARP cleavage were ob-
served in 231-E1A cells but not in 231-Vect cells treated with
each of the drugs at the same dosage (Fig. 4B). These results
suggest that activation of p38 and inactivation of Akt may
contribute to E1A-mediated sensitization to apoptosis induced
by these different drugs.

To address whether activation of p38 and inactivation of Akt




6840 LIAO AND HUNG

MotL. CELL. BioL.

g
231-E1A c i
A p38p [ 85 W — 7 2
SB203580 (uM) 0 0.1 1.0 10 20 é:
Akt-p
40 Akt-c
B 23 38
2 poo-p
220 -
& p38-c
210 Anti-HA
So— | e | o
Flag D
]
&
p38-c E-
S5uMIPTG - + - + - 4+
Taxol M) ¢ 0.01 0.1 Taxol - + - + -
IPTG-inducible Flag-DN-p38 SB203580 - - + + - -
CA-Akt - - - -+ o+

FIG. 3. Activation of p38 and inactivation of Akt are required for E1A-mediated sensitization to paclitaxel-induced apoptosis. (A) Dose-
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paclitaxel was measured by luciferase assay. The pcDNA3-Luc vector was cotransfected into 231-E1A cells with (lanes 5 and 6) or without a
HA-tagged, myristoylated, membrane-targeted CA-Akt (lanes 1 to 4) before treatment with paclitaxel. After exposure to paclitaxel for 4 h, a
portion of cells was harvested for protein extraction while the rest were grown for 24 h. In the absence of 20 puM SB203580, the level of
phosphorylated p38 increased after exposure to paclitaxel (lanes 1 and 2). Expression of CA-Akt was detected with an anti-HA monoclonal
antibody (lanes 5 and 6). (D) A portion of the above-described cells was also subjected to FACS analysis to measure apoptosis. +, present; —,

abscnt.

also applied to drug-induced apoptosis in the absence of E1A,
we tested whether increasing the dosage of gemcitabine or
adriamycin could also enhance p38 activation and inhibit Akt
activation, which would then contribute to drug-induced apo-
ptosis. When MDA-MB-231 and HBL-100 cells were exposed
to a dose of gemcitabine or adriamycin 10 times higher than
that used in experiment whose results are shown in Fig. 4B, we
observed a similar pattern of downregulation of Akt and up-
regulation of p38 activation, which was correlated with PARP
cleavage (Fig. 4C). Similar results were also observed in MDA-
MB-231 cells when exposed to a higher dose of paclitaxel (Fig.
2B). These results suggest that p38 activation and Akt inacti-
vation may not be limited to E1A-mediated sensitization to
apoptosis but may also contribute to drug-induced apoptosis in
the absence of E1A. Thus, downregulating Akt activity and

upregulating p38 activity may represent a general cellular
mechanism of response to apoptotic stimuli, and E1A may turn
on this cellular mechanism and mediate sensitization to drug-
induced apoptosis.

To determine the physiological relevance of inactivation of
Akt and activation of p38 in the execution of apoptosis, we
extended our investigation to apoptosis induced by serum star-
vation, tumor necrosis factor alpha (TNF-a), and UV irradia-
tion. We observed that phosphorylation of p38 and dephos-
phorylation of Akt were correlated with serum starvation-,
TNF-a-, and UV-induced PARP cleavage in 231-E1A cells,
especially in detached apoptotic cells (Fig. 4D, lanes 1 to 8).
However, a dose of 10 times higher is required for inducing a
response in parental MDA-MB-231 cells similar to that in
231-E1A cells (Fig. 4D, lanes 9 to 11). Taken together, down-
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FIG. 4. Activation of p38 and inactivation of Akt represent a general cellular mechanism in response to different apoptotic stimuli. (A) Per-
centage of viable cells in vector-transfected (231-Vect) and E1A-expressing MDA-MB-231 (231-E1A) cells after exposure to different doses of
adriamycin (ADR) (0.1, 1.0, and 10 pM), cisplatin (CDDP) (0.2, 2, and 10 pg/ml), gemcitabine (GEM) (0.2, 2, and 10 pg/ml), and methotrexate
(MTX) (0.2, 2, and 10 uM) for 24 h. Cell viability was measured by using the MTT assay. (B) Downregulation of Akt activation and upregulation
of p38 activation correlated with drug-induced PARP cleavage in 231-Vect (V) and 231-E1A (E) cells. The concentrations used were 1 uM ADR,
2-ug/ml CDDP, 2-pg/ml GEM, and 2 pM MTX. (C) The concentrations of GEM and ADR used for MDA-MB-231 and MCF-7 cells were 20
pg/ml and 20 pM, respectively. (D) Downregulation of Akt and upregulation of p38 phosphorylation correlated with PARP cleavage induced by
serum starvation, TNF-, and UV irradiation. 231-E1A cells were serum starved [serum(~)], exposed to TNF-a (5 ng/ml), or UV irradiated (6
J/em?) while parental MDA-MB-231 cells were exposed to 10-times-higher doses of TNF-a (50 ng/ml) and UV radiation (60 J/cm?). Both the
attached cells and cells in suspension were collected, if not specified. W, whole-cell lysate with both attached and suspended cells; A, attached cells
only; D, detached or floated apoptotic cells.

regulation of Akt activation and upregulation of p38 activation  ered, the p38 phosphorylation was reduced again (8- to 24-h
may also represent a general cellular mechanism in response to time points). These results indicate that Akt phosphorylation
different apoptotic stimuli. was required for repressing p38 activation, suggesting that the
The physiological regulation of p38 activity by Akt is former is upstream from the latter. This conclusion was further
through ASK1 and MEKK3, the upstream kinases of p38. The supported by the study with Aktl-knockout MEFs and myr-
above results suggest that both downregulation of Akt and Aktl-transfected stable cells. We observed that the level of
upregulation p38 activities are involved in E1A-mediated sen- phosphorylated p38 was increased in Akt1~/~ MEFs compared
sitization to apoptosis. We noticed that reduced Akt phosphor-  with that in Akt*'* and Akt™/~ MEFs. Furthermore, the phos-
ylation occurs before enhanced p38 phosphorylation in the  pho-p38 protein was undetectable in the Akt constitutively
kinetic study of E1A-mediated sensitization to paclitaxel-in- activated myr-Akt1 stable cells (Fig. 5B). These results indicate
duced PARP cleavage (Fig. 2A). We therefore asked whether ~ that Akt is able to inhibit p38 activity.
Akt may act upstream of p38. To this end, Akt activity was In an attempt to determine how Akt regulates p38, we
blocked by either a specific PI3K inhibitor, wortmannin, or a sought to determine whether Akt is physically associated with
genetic method to knock out Akt expression. Blocking Akt p38 by using coimmunoprecipitation experiments. We did not
activation with wortmannin in MDA-MB-231 cells resulted in ~ detect p38 in immunoprecipitated Akt samples (Fig. 5C) or
decreased Akt phosphorylation and increased p38 phosphory- Akt in immunoprecipitated p38 samples (data not shown),
lation (Fig. 5A). And when Akt phosphorylation was recov- suggesting that Akt and p38 were not directly associated under
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the conditions we used. A recent report demonstrated that
ASKT is a substrate of Akt (28), and ASK1 has been shown to
be an upstream kinase of p38 (23, 51), suggesting that Akt may
indirectly regulate p38 activity through ASKI1. Indeed, we also
detected that ASK1 was coimmunoprecipitated with Akt in our
experimental system (Fig. 5C). To test whether Akt can down-
regulate p38 activation through the repression of p3§ upstream
kinases, such as ASK1, we blocked the activity of either ASK1
or MEKK3, both of which are p38 upstream kinases that can
be inactivated by Akt (17, 28), by using a kinase-dead, DN
mutant of ASK1 (DN-ASK1) or MEKK3 (DN-MEKK3). As
expected, blockade of either ASK1 or MEKK3 activity by DN-
ASK1 or DN-MEKKS3 repressed p38 phosphorylation and its
kinase activity, as measured by phosphorylation of ATF2 in a
dosc-dependent manncr in Aktl '~ MEFs (Fig. 5D), suggest-
ing that Akt inhibits p38 activation through repression of
ASKI and/or MEKK3 activation.

p38 inactivation is associated with Akt activation in human
cancer. The above results suggest that Akt acts upstream of

p38 and blocks p38 activation. Because activation of Akt is a
common phenomenon in different types of human cancers, we
asked whether p38 inactivation is also a common phenomenon
in human cancer cells and correlates with Akt activation. To
test whether p38 inactivation was accompanied by Akt activa-
tion in human tumor tissues in vivo, we utilized tissue array
slides to screen phospho-p38 and phospho-Akt expression in
tumor tissues of different origins and normal or parallel normal
organ tissues. We found that the phospho-Akt level was dra-
matically higher while phospho-p38 was undetectable in most
of the cancer tissues obtained from different types of solid
tumors, such as breast, lung, liver, bile duct, gastric, colorectal,
renal cell, ovarian, and uterine cancers; malignant lymphoma;
and Schwannoma. In contrast, the intensity of phospho-p38
protein staining was relatively strong while that of phospho-
Akt staining was very weak in normal organs and parallel
healthy tissues. Representative data on the expression of phos-
pho-p38 and phospho-Akt in healthy versus tumor tissues ob-
tained from the breast, lung, liver, and biliary duct are shown
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in Fig. 6A. By screening a panel of breast, ovarian, prostate,
pancreatic, and colorectal cancer cell lines with phosphospe-
cific antibody against p38 or Akt, we also observed a correla-
tion between enhanced Akt phosphorylation and reduced p38
phosphorylation in these human cancer cell lines (data not
shown). These data support the hypothesis that p38 activity is
repressed in different types of human cancer, which is associ-
ated with enhanced Akt activation.

To test whether repression of p38 and activation of Akt also
correlate with tumor stage in human cancer, we analyzed 10
healthy breast tissue samples (including 2 healthy nipple and 8
healthy breast tissues) and 50 cases of breast cancer at different
stages on Histo-Array slides. These include 4 cases at stage I
(T1), 21 cases at stage II (T2), 20 cases at stage III (T3), and
5 cases at stage IV (T4). Among the 25 cases of early stage
tumors (T1 and T2), 12% of them are negative and half of
them are weakly positive for phospho-Akt staining. In the
advanced late-stage tumor samples, all of them are positive
and more than 80% of them are moderately to strongly posi-
tive for phospho-Akt staining (Fig. 6B), whereas the relative
intensity of phospho-p38 staining was inversely correlated with
the tumor stage (Fig. 6B). In the early stage tumor samples,
only one-third of them (36%) are positive for phospho-p38
staining and only 1 of 25 cases is moderately positive for phos-
pho-p38. In the late-stage tumor samples (T3 and T4), 80% of
them are negative for phospho-p38 staining and the rest are
weakly positive for phospho-p38 staining (Fig. 6B). Comparing
the phospho-p38 staining and phospho-Akt staining in the
advanced late-stage tumor samples, we observed an inverse
correlation between the intensity of strong phospho-Akt stain-
ing versus weak phospho-p38 staining (P < 0.0001) (Fig. 6C).
Phosphorylated p38 could be detected in most of the healthy
organ tissues but not in most of the cancer tissues or cell lines,
indicating that p38 inactivation is also a common event in
human cancer cells with Akt activation.

The CR2 domain of E1A is required for downregulation of
Akt phosphorylation and chemosensitization. The above re-
sults suggested that Akt regulated p38 activation in both phys-
iological and pathological conditions, which indicates that
El1A-mediated downregulation of Akt activity and upregula-
tion of p38 activity are accompanied events, i.c., by repression
of Akt activation, E1A enhanced p38 activity and sensitized
cells to drug-induced apoptosis. To lay further genetic support
for these conclusions, we proposed to map the domain(s) of
E1A that is responsible for downregulation of Akt activity and
demonstrate that the same domain is also critical for E1A-
mediated upregulation of p38 and sensitization to drug-in-
duced apoptosis. It is known that among the three conserved
domains (CR) of E1A, CR1 and CR2 are associated with
ElA-mediated sensitization to apoptosis (46). Therefore, we
established E1A functional domain deletion mutation stable
cells in MDA-MB-231 cells, including wild-type E1A, and de-
letion mutations of CR1 (ACR1) and CR2 (ACR?2) (Fig. 7A).
We found that deletion mutations of the CR2 domain dramat-
ically disrupted E1A’s ability to downregulate Akt kinase ac-
tivity, eliminated E1A-mediated upregulation of p38 kinase
activity, and remarkably repressed E1A-mediated sensitization
to paclitaxel-induced apoptosis (Fig. 7B and C) while the CR1
domain mutant only slightly affected E1A-mediated chemo-
sensitization and downregulation of Akt and upregulation of
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p38 activities (Fig. 7B and C). These results indicate that the
same CR2 domain required for downregulation of Akt is also
required for upregulation of p38 and sensitization to drug-
induced apoptosis and thus supports the conclusions that Akt
represses p38 activity and that E1A, by downregulation of Akt
activity, enhances p38 activation and sensitizes cells to antican-
cer drug-induced apoptosis.

DISCUSSION

The present study shows that the activity of p38 is regulated
by Akt and is deregulated partly due to Akt activation in
human cancer. Activation of Akt antagonizes p38 activation
while inactivation of Akt results in p38 activation. The adeno-
viral protein E1A, by downregulation of Akt activity, enhanced
p38 activation and sensitized cells to apoptosis induced by
different apoptotic stimuli. It is known that p38 participates in
the regulation of apoptotic cell death through transcriptional
upregulation of proapoptotic gene expression, such as Fas li-
gand (11, 13, 20, 38). p38 is also involved in negative regulation
of cell growth, as it represses cyclin D1 expression and regu-
lates the G,-M transition through the regulation of cdc25 pro-
tein phosphatase and p53 protein (6, 42). Recently, inactiva-
tion of p38 has been shown to contribute to the development
of human cancers by suppressing p53 activation (7), suggesting
a tumor-suppressive function of p38. In contrast, Akt is known
to upregulate the cyclin D1 expression while repressing Fas
ligand expression and p53 stabilization (39, 50). Akt is also
involved in regulation of the G,-M transition (26, 40, 47).
Thus, Akt may functionally antagonize the p38 effect on cel-
lular processes ranging from cell cycle progression to cell
death, though some cell types may respond differently (3, 8, 17,
19, 44). However, the regulation between the Akt and p38
pathways is still unclear in the literature, and the present study
provides a link between activation of Akt and inactivation of
p38. As discussed above, Akt positively regulates cell growth
but negatively regulates cell death while p38 positively regu-
lates cell death but negatively regulates cell growth. Given the
results we obtained in Akt™/~ MEFs (Fig. 5B and D) and the
fact that Akt directly phosphorylates and negatively regulates
the activation of ASK1 and MEKK3, the upstream kinase of
p38 (17, 28), we propose that Akt may repress p38 activation
through the phosphorylation and inactivation of ASK1 or
MEKK3 and that inactivation of Akt may result in p38 activa-
tion through the release of ASK1 and/or MEKK3 activity.
Because either DN-ASK1 or DN-MEKK3 sufficiently re-
pressed enhanced p38 phosphorylation in Akt1™/~ MEFs (Fig.
5D), it also suggests that both ASK1 and MEKK3 are involved
in Akt-mediated inactivation of p38. Regulation of p38 activity
by Akt2 through ASK1 was also demonstrated recently by
Yuan et al. in their report on cisplatin-induced apoptosis (57),
suggesting that both Aktl and Akt2 may use a similar mecha-
nism to inactivate p38.

We have shown that activation of p38 follows inactivation of
Akt (Fig. 2 and 4B to D) when cells underwent apoptosis,
suggesting that the pro- and antiapoptotic signals may inte-
grate each other to prepare cells to commit suicide. The rela-
tive Akt and p38 activity may determine a cell’s response to
apoptotic stimuli, as they can be observed in E1A-mediated
sensitization to apoptosis induced by serum starvation, TNF-a,




SOIISUdUY
(%0P)STOT (%¥b2) STY9  +++

(444) (++4) (+) (+)

#4 0 (%¥)STYT  (%PV)STUIT (%) ST 9 ++
10¢ (%00 sT/S (%O SU/8 (%I ST+ (%FPSTIL +
- OF (%08) sT/07 (%¥9) ST/81 0szo (wIDsu¢ -
09 (ST=0) pI~€L (ST=WI~IL (ST=w)pl~¢L (ST=W)TI~IL odeis [,
08 ged-oydsoyg My-oydsoyg
SI8ED JO 9, SINSSI) AU JSLIIQ UBUWINY Ul UOISSIAAXD
MV gcd-oydsoyd pue pyy-oydsoygd jo sisdjeus Lnsimayoojsigounmuny MH

6844

d-yy

8D A1 JOppe[qiEd &) DH JIATY D vd




VoL. 23, 2003 p38 ACTIVATION BY ADENOVIRAL EIA VIA REPRESSION OF Akt 6845

UV irradiation, and different categories of chemotherapeutic
drugs (Fig. 4B to D). Expression of E1A may shift the balance
of the pro- and antiapoptotic signals by repressing Akt activity
and enhancing p38 activity, thereby favoring the proapoptotic
signal. Additional approaches could also be used by E1A to
shift the intracellular signal integration to favor a proapoptotic
signal, such as activation of p53 and caspase proenzymes, but
these pathways may not contribute to the present study. For
example, p53 and pl4ARF were deleted in MDA-MB-231 cells
and we did not detect any change in the expression level of p53
or pl4ARF in E1A versus parental control cells (data not
shown), i.e., the p53-dependent mechanisms may not contrib-
ute to E1A-mediated sensitization to apoptosis in the present
study. Although expression of E1A by infection of cells with
either retroviral or adenoviral vector resulted in the accumu-
lation of caspase proenzymes, such as caspase 3, 7, 8, and 9, by
a direct transcriptional mechanism through enforced E2F-1
release in normal diploid human fibroblasts (IMR90) (37). We
did not observe a consistent increase of these caspase proen-
zymes in the E1A stable cells established in human cancer cells
with epithelial origin (Fig. 1D). In addition, sensitization to the
DNA damage agent adriamycin-induced apoptosis by E1A is
dependent on p53 status in normal fibroblasts (37) while E1A
dramatically sensitized the adriamycin therapeutic effect in
ovarian cancer SKOV3.ipl (5) and breast cancer MDA-MB-
231 cells (Fig. 4A), which do not express functional p53. The
discrepancy between normal diploid fibroblasts and epithelial
carcinoma cells in El1A-mediated sensitization to apoptosis
may reflect the nature of the intrinsic difference between nor-
mal fibroblasts and carcinoma cells. However, downregulation
of Akt activity by E1A was also observed in El1A-mediated
sensitization to cisplatin in human normal IMR90 fibroblasts
(54). Thus, targeting the key oncogenic survival factor Akt may
represent a critical mechanism for E1A-mediated sensitization
to anticancer drug-induced apoptosis in human cancer cells
and normal fibroblasts as well.

E1A has been shown to facilitate cytochrome ¢ release from
the mitochondria, which also contributes to E1A-mediated
sensitization to anticancer drugs. However, the mechanism by
which E1A facilitates cytochrome c¢ release is unclear (14).
Although we did not test whether E1A expression affected Bax
translocation, which may also facilitate cytochrome ¢ release,
E1A expression or treatment with paclitaxel did not affect the
levels of Bax protein in our system (Fig. 2A). Akt is known to
play an important role in maintaining mitochondrial integrity
and inhibiting the release of cytochrome ¢ (11, 27). Overex-
pression of Akt confers resistance to paclitaxel by inhibiting
paclitaxel-induced cytochrome c release (41). However, p38 is
also involved in regulation of cytochrome c release (2). There-
fore, it is possible that E1A may alter mitochondrial potential
by downregulating Akt and upregulating p38, thereby facilitat-
ing the release of cytochrome ¢ upon treatment with chemo-
therapeutic drugs, such as paclitaxel. Thus, downregulation of
key survival factor Akt activity and subsequent upregulation of
a proapoptotic factor p38 activity by E1A may constitute a
fundamental approach for E1A-mediated sensitization to ap-
optosis.

The mechanisms underlying E1A-mediated downregulation
of Akt activity are not yet clear. Obviously, E1A-mediated
downregulation of Her-2/neu and/or Axl may contribute to
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reduced Akt activation, as activation of either Her-2/neu or
Axl leads to PI3K-Akt kinase activation and downregulation of
Her-2/neu and/or Axl also contributes to E1A-mediated sen-
sitization to apoptosis (21, 29, 30, 58). However, downregula-
tion of Akt activity by E1A may not necessarily depend on
ElA-mediated downrcgulation of Her-2/neu and/or Axl, be-
cause both MDA-MB-231 and MCF-7 cells are low Her-2/neu-
expressing cells and MCF-7 cells have an undetectable expres-
sion level of Axl (35). In addition, deletion mutation of the
CR2 domain affects E1A-mediated downregulation of Akt
(Fig. 7B), but it has no effect on E1A-mediated transcriptional
repression of Her-2/neu (9). Thus, in addition to the Her-2/
neu-dependent pathway, a Her-2/neu-independent pathway
must exist for E1A to mediate downregulation of Akt activity
leading to sensitization to apoptosis. In addition, overexpres-
sion of Her-2/neu or activation of Akt also leads to p53 desta-
bilization (50, 59), suggesting that downregulation of Akt ac-
tivity by E1A may constitute an alternative pathway for
stabilization of p53. Like Her-2/neu and p53, Akt also plays a
critical role in the regulation of apoptotic cell death and the
development of human cancer. Therefore, ElA-mediated

downregulation of Akt and upregulation of p38 activities may
have general implications for E1A-mediated tumor suppres-
sion and sensitization to apoptosis.

ACKNOWLEDGMENTS

We thank Richard R. Vaillancourt (The University of Arizona Col-
lege of Pharmacy, Tucson, Ariz.) for providing the HA-tagged kinase-
dead DN mutant MEKK3 (MEKK3-KM) and Philipp E. Schere (Al-
bert Einstein College of Medicine of Yeshiva University) for providing
the IPTG-inducible DN-p38 constructs. We also thank N. Hay (Uni-
versity of Illinois at Chicago) for providing us with a panel of Akt-
knockout MEFs and myr-Akt stable cells. We acknowledge Zheng
Huang’s technical support for staining and reading of Histo-Array
slides. We thank Stephanie Miller for reading and editing the manu-
script.

This work was supported by grant RO1-CA58880 and the SPORE
grant for ovarian cancer research from the National Institutes of
Health (to M.-C.H.) and by grant DAMD17-01-1-0300 from the U.S.
Department of Defense Army Breast Cancer Research Program (to
YL).

REFERENCES

1. Allred, D. C., G. M. Clark, R. Elledge, S. A. Fugua, R. W. Brown, G. C.
Chamness, C. K. Osborne, and W. L. McGuire. 1993. Association of p53




VoL. 23, 2003

10.

11.

12.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

&

protein expression with tumor cell proliferation rate and clinical outcome in
node-negative breast cancer. J. Natl. Cancer Inst. 85:200~206.

. Assefa, Z., A, Vantieghem, M. Garmyn, W. Declercq, P. Vandenabeele, J. R.

Vandenheede, R. Bouillon, W. Merlevede, and P. Agostinis. 2000. p38 mito-
gen-activated protein kinase regulates a novel, caspase-independent pathway
for the mitochondrial cytochrome ¢ release in ultraviolet B radiation-in-
duced apoptosis. J. Biol. Chem. 275:21416-21421.

. Berra, E., M. T. Diaz-Meco, and J. Moscat. 1998. The activation of p38 and

apoptosis by the inhibition of Erk is antagonized by the phosphoinositide
3-kinase/Akt pathway. J. Biol. Chem. 273:10792-10797.

. Blain, S. W., and J. Massague. 2002. Breast cancer banishes p27 from

nucleus. Nat, Med. 8:1076-1078.

. Brader, K. R,, J. K. Wolf, M. C. Hung, D. Yu, M. A, Crispens, K. L. van

Golen, and J. E. Price. 1997. Adenovirus E1A expression enhances the
sensitivity of an ovarian cancer cell line to multiple cytotoxic agents through
an apoptotic mechanism. Clin. Cancer Res. 3:2017-2024.

. Bulavin, D. V., S. A. Amundson, and A. J. Fornace. 2002. p38 and Chkl

kinases: different conductors for the G(2)/M checkpoint symphony. Curr.
Opin. Genet. Dev. 12:92-97.

. Bulavin, D. V., O. N. Demidov, S. Saito, P. Kauraniemi, C. Phillips, S. A.

Amundson, C. Ambrosino, G. Sauter, A. R. Nebreda, C. W. Anderson, A.
Kallioniemi, A. J. J. Fornace, and E. Appella. 2002. Amplification of PPM1D
in human tumors abrogates p53 tumor-suppressor activity. Nat. Genet. 31:
210-215.

. Chen, D., R. V. Fucini, A. L. Olson, B. A. Hemmings, and J. E. Pessin. 1999.

Osmotic shock inhibits insulin signaling by maintaining Akt/protein kinase B
in an inactive dephosphorylated state. Mol. Cell. Biol. 19:4684-4694.

. Chen, H., D. Yu, G. Chinnadurai, D. Karunagaran, and M. C. Hung. 1997.

Mapping of adenovirus 5 E1A domains responsible for suppression of neu-
mediated transformation via transcriptional repression of neu. Oncogene
14:1965-1971.

Chen, W. 8., P. Z. Xu, K. Gottlob, M. L. Chen, K. Sokol, T. Shiyanova, L.
Roninson, W. Weng, R. Suzuki, K. Tobe, T. Kadowaki, and N. Hay. 2001.
Growth retardation and increased apoptosis in mice with homozygous dis-
ruption of the Aktl gene. Genes Dev. 15:2203-2208.

Cross, T. G., D. S. Toellner, N. V. Henriquez, E. Deacon, M. Salmon, and J.
Lod. 2000. Serine/threonine protein kinases and apoptosis. Exp. Cell Res.
256:34-41.

de Stanchina, E., M. E. MeCurrach, F. Zindy, S. Y. Shieh, G. Ferbeyre, A. V.
Samuelson, C. Prives, M. F. Roussel, C. J. Sherr, and S. W. Lowe. 1993. E1A
signaling to p53 involves the p19(ARF) tumor suppressor. Genes Dev. 12:
2434-2442,

. De Zutter, G. S., and R. J. Davis. 2001. Pro-apoptotic gene expression

mediated by the p38 mitogen-activated protein kinase fina! transduction
pathway. Proc. Natl. Acad. Sci. USA 98:6168-6173.

. Duelli, D. M., and Y. A. Lazebnik. 2000. Primary cells suppress oncogene-

dependent apoptosis. Nat. Cell Biol. 2:859-862.

. Fearnhead, H. O., J. Rodriguez, E. E. Govek, W. Gou, R. Kobayashi, G.

Hannon, and Y. A. Lazebnik. 1998. Oncogene-dependent apoptosis is me-
diated by caspase-9. Proc. Natl. Acad. Sci. USA 95:13664-13669.

. Frisch, S. M., and K. E. Dolter. 1995. Adenovirus Ela-mediated tumor

suppression by a c-erbB-2/neu-independent mechanism. Cancer Res. 55:
5551-5555.

Gratton, J. P., M. Morales-Ruiz, Y. Kureishi, D. Fulton, K. Walsh, and W. C.
Sessa. 2001. Akt down-regulation of p38 signaling provides a novel mecha-
nism of vascular endothelial growth factor-mediated cytoprotection in en-
dothelial cells. J. Biol. Chem. 276:30359-30365.

Hanahan, D., and R. A. Weinberg. 2000. The hallmarks of cancer. Cell
100:57-70.

Heidenreich, K. A,, and J. L. Kummer. 1996. Inhibition of p38 mitogen-
activated protein kinase by insulin in cultured fetal neurons. J. Biol. Chem.
271:9891-9894.

Hsu, S. C., M. A. Gavrilin, M. H. Tsai, J. Han, and M. Z. Lai. 1999. p38
mitogen-activated protein kinase is involved in Fas ligand expression. J. Biol.
Chem. 274:25769-25776.

Hung, M. C., G. N. Hortobagyi, and N. T. Ueno. 2000. Development of
clinical trial of E1A gene therapy targeting HER-2/neu-overexpressing
breast and ovarian cancer. Adv. Exp. Med. Biol. 465:171-180.

Hunter, T. 2000. Signalin—2000 and beyond. Cell 100:113-127.

Ichijo, H., E. Nishida, K. Irie, P. ten Dijke, M. Saitoh, T. Moriguchi, M.
Takagi, K. Matsumoto, K. Miyazono, and Y. Gotoh. 1997. Induction of
apoptosis by ASK1, a mammalian MAPKKK that activates SAPK/JNK and
p38 signaling pathways. Science 275:90-94.

Igney, F. L, and P. H. Krammer. 2002. Death and anti-death: tumor resis-
tance to apoptosis. Nat. Rev. Cancer 2:277-288.

Inoki, K., Y. Li, T. Zhu, J. Wu, and K. L. Guan. 2002. TSC2 is phosphory-
lated and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol.
4:648-657.

Kandel, E. S., J. Skeen, N. Majewski, A. Di Cristofano, P, P. Pandolfi, C. S.
Feliciano, A. Gartel, and N. Hay. 2002. Activation of Akt/protein kinase B
overcomes a G(2)/m cell cycle checkpoint induced by DNA damage. Mol.
Cell. Biol. 22:7831-7841.

p38 ACTIVATION BY ADENOVIRAL E1A VIA REPRESSION OF Akt
27.
28.
29.
30.

31.
32.

33.

34,

35.

36.

37.

38.
39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

6847

Kennedy, S. G., E. S. Kandel, T. K. Cross, and N. Hay. 1999. Akt/protein
kinase B inhibits cell death by preventing the release of cytochrome ¢ from
mitochondria. Mol. Cell. Biol. 19:5800-5810.

Kim, A. H., G. Khursigara, X. Sun, T. F. Franke, and M. V. Chao. 2001. Akt
phosphorylates and negatively regulates apoptosis signal-regulating kinase 1.
Mol. Cell. Biol. 21:893-901.

Lee, W. P., Y. Liao, D. Rebinson, H. J. Kung, E. T. Liu, and M. C. Hung.
1999. Axl-gas6 interaction counteracts E1A-mediated cell growth suppres-
sion and proapoptotic activity. Mol. Cell. Biol. 19:8075-8082.

Lee, W. P., Y. Wen, B. Varnum, and M. C. Hung. 2002. Akt is required for
Axl-Gas6 signaling to protect cells from E1A-mediated apoptosis. Oncogene
21:329-336.

Lowe, S. W. 1999. Activation of p53 by oncogenes. Endocr. Relat. Cancer
6:45-48.

Lowe, S. W., H. E. Ruley, T. Jacks, and D. E. Housman. 1993. p53-dependent
apoptosis modulates the cytotoxicity of anticancer agents. Cell 74:957-967.
Mayo, L. D., and D. B. Donner. 2001. A phosphatidylinositol 3-kinase/Akt
pathway promotes translocation of Mdm2 from the cytoptasm to the nucleus,
Proc. Natl. Acad. Sci. USA 98:11598-11603.

McCurrach, M. E., T. M. F. Connor, C. M. Knudson, S. J. Korsmeyer, and
S. W. Lowe. 1997. bax-deficiency promotes drug resistance and oncogenic
transformation by attenuating p53-dependent apoptosis. Proc. Natl. Acad.
Sci. USA 94:2345-2349.

Meric, F., W. P. Lee, A, Sahin, H. Zhang, H. J. Kung, and M. Hung. 2002.
Expression profile of tyrosine kinases in breast cancer. Clin. Cancer Res.
8:361-367.

Meric, F., Y. Liao, W. P. Lee, R. E. Pollock, and M. C. Hung. 2000. Adeno-
virus 5 early region 1A does not induce expression of the Ewing sarcoma
fusion product EWS-FLI1 in breast and ovarian cancer cell lines. Clin.
Cancer Res. 6:3832-3836.

Nabhle, Z., J. Polakoff, R. V. Davuluri, M. E. McCurrach, M. D. Jacobson, M.
Narita, M. Q. Zhang, Y. Lazebnik, D. Bar-Sagi, and S. W. Lowe. 2002. Direct
coupling of the cell cycle and cell death machinery by E2F. Nat. Cell Biol.
4:859-864.

Nebreda, A. R., and A. Porras. 2000. p38 MAP kinases: beyond the stress
response. Trends Biochem. Sci. 25:257-260.

Nicholson, K. M., and N. G. Anderson. 2002. The protein kinase B/Akt
signalling pathway in human malignancy. Cell. Signal. 14:381-395.
Okumura, E., T. Fukuhara, H. Yoshida, S. Hanada, R. Kozutsumi, M. Mori,
K. Tachibana, and T. Kishimoto. 2002. Akt inhibits Myt1 in the signalling
pathway that leads to meiotic G2-M-phase transition. Nat. Cell Biol. 4:111-
116.

Page, C., H. J. Lin, Y. Jin, V. P. Castle, G. Nunez, M. Huang, and J. Lin.
2000. Overexpression of Akt/AKT can modulate chemotherapy-induced ap-
optosis. Anticancer Res. 20:407-416.

Pearce, A. K., and T. C. Humphrey. 2001. Integrating stress-response and
cell-cycle checkpoint pathways. Trends Cell Biol. 11:426-433.

Putzer, B. M., T. Stiewe, K. Parssanedjad, S. Rega, and H. Esche. 2000. EIA
is sufficient by itself to induce apoptosis independent of p53 and other
adenoviral gene products. Cell Death Differ. 7:177-188.

Rane, M. J., P. Y. Coxon, D. W. Powell, R. Webster, J. B. Klein, W. Pierce,
P. Ping, and K. R. McLeish. 2001. p38 kinase-dependent MAPKAPK-2
activation functions as 3-phopshoinositide-dependent kinase-2 for AKt in
human neutrophiis. J. Biol. Chem. 276:3517-3523.

Sanchez-Prieto, R., M. Lleonart, and S. Ramon y Cajal 1995. Lack of
correlation between p53 protein level and sensitivity of DNA-damaging
agents in keratinocytes carrying adenovirus Ela mutants. Oncogene 11:675-
682.

Shisler, J., P. Duerksen-Hughes, T. M. Hermiston, W. M. Wold, and L. R.
Gooding, 1996. Induction of susceptibility to tumor necrosis factor by E1A is
dependent on binding to either p300 or p105-Rb and induction of DNA
synthesis. J. Virol. 70:68-77.

Shtivelman, E., J. Sussman, and D. Stokoe. 2002. A role of PI 3-kinase and
PKA activity in the G2/M phase of the cell cycle. Curr. Biol. 12:919-924.
Skorski, T. 2002. Oncogenic tyrosine kinases and the DNA-damage rep-
sonse. Nat. Rev. Cancer 2:351-360.

Teedoro, J. G., G. C. Shore, and P. E. Branton. 1995. Adenovirus E1A
proteins induce apoptosis by both p53-dependent and p53-independent
mechanisms. Oncogene 11:467-474.

Testa, J. R., and A. Bellacosa. 2001. AKT plays a central role in tumorigen-
esis. Proc. Natl. Acad. Sci. USA 98:10983-10985.

Tobiume, K., A. Matsuzawa, T. Takahashi, H. Nishitoh, K. Morita, K.
Takeda, O. Minowa, K. Miyazono, T. Noda, and H. Ichijo. 2001. ASK1 is
required for sustained activations of JNK/p38 MAP kinases and apoptosis.
EMBO Rep. 2:222-228.

Ueno, N. T., C. Bartholomeusz, J. L. Herrmann, Z. Estrov, R. Saho, M.
Andreeff, J. Price, R. W. Paul, P. Anklesaria, D. Yu, and M. C. Hung. 2000.
E1A-mediated paclitaxel sensitization in Her-2/neu-overexpressing ovarian
cancer SKOV3. ip1 through apoptosis involving the caspase-3 pathway. Clin.
Cancer Res. 6:250-259.

Ueno, N. T., D. Yu, and M. C. Hung. 1997. Chemosensitization of Her-2/




6848

54.

55.

56.

57.

LIAO AND HUNG

neu-overexpressing human breast cancer cells to paclitaxel (Taxol) by ade-
novirus type 5 EIA. Oncogene 15:953-960.

Viniegra, J. G., J. H. Losa, V. J. Sanchez-Arevalo, C. P. Cobo, V. M. Soria,
S. Ramon y Cajal, and R. Sanchez-Prieto 2002. Modulation of PI3K/Akt
pathway by Ela mediates sensitivity to cisplatin. Oncogene 21:7131-7136.
Yu, D., and M. C. Hung. 2000. Ovcrexpression of ErbB2 in cancer and
ErbB2-targeting strategics. Oncogene 19:6115-6121.

Yu, D., and M. C. Hung. 2000. Rolc of erbB2 in breast cancer chemosensi-
tivity. Biocssays 22:673-680.
Yuan, Z. Q., R. L Feld

G.E. S D. Coppola, S. V. Nicosia, and

58.

59.

MoL. CELL. BIOL.

J. Q. Cheng. 15 April 2003, posting date. AKT2 inhibition of cisplatin-
induced JNK/p38 and Bax activation by phosphorylation of ASK1: implica-
tion of AKT2 in chemoresistance. J. Biol. Chem. 278:23432-23440. [Online.]
http://www jbc.org.

Zhou, B. P,, Y. Liao, W. Xia, B. Spohn, M. H. Lee, and M. C. Hung. 2001.
Cytoplasmic localization of p21Cipl/WAF1 by Akt-induced phosphorylation
in HER-2/neu-overexpressing cells. Nat. Cell Biol. 3:245-252.

Zhou, B. P., Y. Liao, W. Xia, Y. Zou, B. Spohn, and M. C. Hung. 2001.
HER-2/neu induces p53 ubiquitination via Akt-mediated MDM?2 phosphor-
ylation. Nat. Cell Biol. 3:973-982.




Enhanced paclitaxel cytotoxicity and prolonged animal
survival rate by a non-viral mediated systemic delivery of E1A

gene in orthotopic xonograft human breast cancer”.

Yong Liao, Ph.D., Yi-Yu Zou, Ph.D., Wei-Ya Xia, M.D., and Mien-Chie Hung,

Ph.D.!

Department of Molecular & Cellular Oncology, The University of Texas M.D. Anderson

Cancer Center, Houston, Texas 77030, USA

! Corresponding author. Mailing address: Department of Molecular and Cellular
Oncology, The University of Texas M. D. Anderson Cancer Center, 1515 Holocombe
Blvd., Houston, TX 77030. Phone: (713) 792-3668. Fax: (713) 794-0209. E-mail:
mhung @mdanderson.org

Running title: Enhanced paclitaxel efficacy by systemic delivery of the E1A gene
Keywords: breast cancer, xenograft; E1A, gene therapy; systemic gene delivery;

non-viral delivery

* This work was supported in part by NIH Grant RO1-CA58880 and the SPORE

grant for ovarian cancer research P50 CA83639 from the National Institutes of
Health (to M.-C. H.) and DAMD17-01-1-0300 from the United States Department

of Defense Army Breast Cancer Research Program (to Y. L.).

1

D



ABSTRACT

Paclitaxel (Taxol) is a promising frontline chemotherapeutic agent for the treatment
of human breast and ovarian cancers. The adenoviral type 5 E1A gene has been
tested in multiple clinical trials for its anti-cancer activity. E1A has also been shown
to sensitize paclitaxel-induced Kkilling in E1A-expressing cells. Here we show that
E1A can sensitize paclitaxel-induced apoptosis in breast cancer cells in a gene
therapy setting by an orthotopic mammary tumor model. We first showed that
expression of E1A enhanced in vitro paclitaxel cytotoxicity, as compared to the
control cells. We then compared the therapeutic efficacy of paclitaxel between
orthotopic tumor models established with vector-transfected MDA-MB-231 (231-
Vect) versus 231-E1A stable cells, using tumor weight and apoptotic index (TUNEL
assay) as the parameters. We found paclitaxel was more effective in shrinking
tumors and inducing apoptosis in tumor models established with stable 231-E1A
cells than the control 231-Vect cells. We also tested whether E1A could directly
enhance paclitaxel-induced killing in nude mice, by using a nonviral, surface-
protected cationic liposome to delivery E1A gene via the mouse tail vein. We
compared the therapeutic effects of E1A gene therapy with or without Taxol
chemotherapy in the established orthotopic tumor model of animals inoculated with
MDA-MB-231 cells, and found that a combination of systemic E1A gene therapy
and paclitaxel chemotherapy significantly enhanced the therapeutic efficacy and
dramatically repressed tumor growth (P < 0.01). In addition, survival rates were
significantly higher in animals treated with combination therapy than in the

therapeutic control groups (both P < 0.0001). Thus, the E1A gene therapy indeed




enhance the sensitivity of tumor cells to chemotherapy in a gene therapy setting and,
the current study provides preclinical data to support combination therapy between

E1A gene and chemotherapy for the future clinical trials.




INTRODUCTION

Amplification and overexpression of Her-2/neu (or c-erbB-2) oncogene have been
found in approximately 25% of human breast carcinomas and associated with poor
prognosis (1). Using Her-2/neu as a target for the development of therapeutic agents
proves to be an effective approach. For example Herceptin, a humanised monoclonal
antibody against Her-2/neu, have demonstrated its efficacy by either Herceptin alone or
in combination with cisplastin as a first-line therapy for the treatment of breast cancer
patients with advanced disease whose tumors overexpressed Her-Z/ﬁeu (2, 3). We have
previously reported that the adenoviral type-5 E1A gene product also repressed Her-
2/neu oncogene overexpression and suppressed the tumorigenic and metastatic potential
of Her-2/neu transformed cells (4).

The adenoviral type-5 and type-2 E1A were reported originally as an oncogene,
which could cooperate with other viral and cellular oncogenes to transform primary
culture cells but not established cell lines, distinct from the type-12 E1A, a potent
oncogene that can transform established cell lines (5). However, E1A has not been
associated with human malignancies despite extensive studies trying to identify such a
link. Instead, E1A was shown to suppress experimental metastasis of rodent cells
transformed by the ras oncogene (6-8) and by the Her-2/neu oncogene (9) and metastasis
of certain human cancer cell lines (10). In addition, increasing experimental data indicate
that E1A was able to inhibit the tumorigenicity of the tranformed rodent cells as well as
of the human cancer cell lines (5, 10). Therefore, based on its ability to suppress both
tumorigenicity and metastasis, E1A has been considered as a tumor suppressor gene 5,

11-13) and translated into multiple clinical trials (14-16).




In addition to the tumor suppressor activities, expression of the E1A gene in
stably transfected normal fibroblast and human cancer cells has also been shown to
increase sensitivity to the in vitro cytotoxicity of several anticancer drugs, such as
etoposide and cisplatin in normal fibroblasts and sarcoma cells, Adriamycin in colon and
hepatocellular carcinoma cells, Gemcitabine in hepatocellular and breast cancer cells, and
paclitaxel in breast and ovarian cancers (17-27). Our previous studies demonstrated that
E1A can sensitize paclitaxel-induced cell killing in Her-2/neu-overexpressing cancer
cells (22, 23). We did not observe E1A-induced paclitaxel sensitization for Her-2/neu
low-expressing cells under the same condition, in which the paclitaxel concentration is
too high to observe sensitization effect in the Her-2/neu low-expressing cells (please see
discussion later) (22). However, in our recent study, we found that expression of E1A in
Her-2/neu low-expressing breast cancer MDA-MB-231 and MCF-7 cells sensitized cells
to different categories of anti-cancer drug-induced apoptosis at a varying extent, these
drugs including paclitaxel, cisplatin, Adriamycin, Gemcitabine, and methotrexate (26).
Since these drugs exert its anti-cancer activity through different mode of actions, we
showed that E1A-mediated sensitization to different types of anti-cancer drug-induced
apoptosis was achieved through a general cellular pathway that regulate the cell survival
and cell death signalings (26). In the current study, we further examine the E1A-induced
chemosensitization for the Her-2/neu low-expressing cancer cells in a mammary tumor
model using the newly developed systemic nonviral delivery system SN, which contains
a surface-protection polymer to stabilize the liposome-DNA particles for i.v. injection
(28-30). We tested if combination of E1A gene therapy with paclitaxel chemotherapy

will enhance the cytotoxicity and anti-tumor effect of paclitaxel in an orthotopic breast
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cancer xenograft established by inoculation of low Her-2/neu-expressing MDA-MB-231
cells in nude mice. We found that combination of systemic E1A gene therapy with
paclitaxel significantly enhanced paclitaxel-induced apoptosis and prolonged animal
survival rates in the orthotopic model in vivo. Thus, the current study provides further
experimental support for combination therapy between E1A gene therapy and paclitaxel

chemotherapy.

Materials & Methods

Cell lines

Human breast cancer MDA-MB-231 and MCF-7 cells were grownin Dulbecco's
modified Eagle's medium/F-12 (Life Technologies Inc., Rockville, MD) supplemented
with 10% fetal bovine serum. The stable E1A-expressing cell lines were established as
previously described (31).

Paclitaxel

A stock solution of paclitaxel (Taxol, Bristol-Myers Squibb Co., Princeton, NJ) was
stored at -80°C before use. For in vitro use, paclitaxel was diluted in serum-free medium
at the required concentration. For in vivo use, paclitaxel was diluted in normal saline (NS)
to a dose of 10 mg/kg in 150 ul per injection, once a week for 6 weeks.

Formulation

The gene delivery system, termed SN, was described by Zou et al (28, 29). The DNA was
entrapped in the SN-liposome after the thin-lipid film was hydrated and extruded through

a filter with 0.2-um-diameter pores (Gelman Sciences; Ann Arbor, MI).
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MTT assay

The metabolic conversion of tetrazolium salt (MTT) to formazan was used to indirectly
measure the number of viable cells after exposure to Taxol. Cells (3 x 10*/well) were
seeded in triplicate in 96-well culture plates in 0.2 ml of culture medium and allowed to
adhere for 24 h. After exposure to Taxol for indicated time periods, 20 ul of MTT was
added to each well. Cells were cultured for an additional 2 h, and 100 ul of extraction
buffer (20% SDS in 50% N, N-dimethyl formamide, pH 4.7) was added to the culture
medium. The cells were incubated overnight at 37 °C, and the plate absorbency was
measured at 570 nm.

Propidium iodide staining and FACS analysis

Samples of 2 x 10° cells were collected, washed once with phosphate-buffered saline
(PBS), and fixed with 70% ice-cold ethanol overnight. After fixation, cells were washed
with PBS to removeresidual ethanol, pelleted, and resuspended in PBS containing 50
pg/ml of propidium iodide (Sigma, St. Louis, WA). The staining was performed at 4 °C
for at least 30 min, and samples were analyzed using a FACScan (Becton-Dickinson, San
Jose, CA) in the core facility at The University of Texas M. D. Anderson Cancer Center.
Athymic Nude Mice

Four to 6-week-old female athymic BALB/c-nu/nu mice were purchased from Charles
River Laboratories (Wilmington, MA). The animals were allowed to acclimate for 7 days
before the study initiation. All of the animals were housed under pathogen-free
conditions, and were given water and chow ad libitum. Animal care and use were in
accordance with Institutional and NIH guidelines.

Establishment of orthotopic breast cancer model and systematic E1A gene therapy



in nude mice

MDA-MB-231 cells (1 x 10 ¢ cells/0.1 ml) or 231-E1A cells (2 x 10° cells/0.1 ml) were
subcutaneously injected into the mammary fat pad (m.f.p.) of female, athymic mice.
Tumors were allowed to develop for 21 days and mice were then randomly grouped and
treated with SN-liposome alone (SN, i.v.), Taxol alone (i.p., 10 mg/kg/injection, once a
week for 6 weeks), E1A alone (i.v., 15 pg/mouse/injection, injection into mouse tail vein
twice a week for 6 weeks), or E1A (i.v., 15ug/mouse/injection) plus Taxol (i.p., 10
mg/kg/injection, 24 hours after E1A injection, for 6 weeks). Both maximum and
minimum diameters of the resulting tumors were measured twice a week using a slide
caliper. Tumor volumes were calculated by assuming a spherical shape and using the
formula, volume = 4/3r°, where r = 1/2 of the mean tumor diameter measured in two
dimensions. Mice were sacrificed when their tumors were larger than 2 cm in diameter
otherwise mice will keep growing and subject for survival rate analysis.
Immunohistochemical Analysis

To evaluate expression of E1A in stable MDA-MB-231 cells, cells in exponential
growing were harvested and washed with PBS twice and then cytospuned. Cytospun cells
were fixed for 10 min in 4% formaldehyde (Sigma), washed with PBS, dried, and stored
at -80°C or subject to immunohistochemical analysis. To evaluate expression of E1A
protein level in tumor tissues in vivo, stable E1A expressing cells or control vector cells
were inoculated into m.p.f. of nude mice. After a palpable tumor was formed,
approximately 4 to 6 weeks, tumor dissected and fixed in 10% formalin and embedded in
paraffin blocks. Paraffin-embedded sections were then pretreated with dewax and

rehydrated. They were washed in xylene and rehydrated through a graded series of



ethanol and redistilled water. The paraffin sections or cytospun slides were incubated
with E1A M73 monoclonal antibody (Oncogene Science, Inc., Cambridge, MA) diluted
1:20. The slides were then incubated with biotinylated goat anti-rabbit IgG (Vector
Laboratories) or biotinylated horse anti-mouse IgG (Vector Laboratories) diluted 1:200 in
PBS. The slides were then incubated with an avidin-biotin-peroxidase complex (Vector
Laboratories), and the peroxidase-catalyzed product was visualized with 0.125%
aminoethyl carbazole chromogen buffer (Sigma Chemical Co.).

In vivo apoptotic (TUNEL) assay

For in vivo apoptotic assay, tumors were fixed in 10% formalin and embedded in paraffin
blocks as described above. Tissue sections were incubated with proteinase K (20 ug/ml in
10 mM Tris/HCI, pH 7.4 to 8.0, for 15 min at 37°C), permeabilized in 0.1% Triton-X-100
in 0.1% sodium citrate, and then labeled with the TUNEL reaction mixture (Boehringer
Mannheim, Indianopolis, Indiana) according to the manufacturer’s protocol. Briefly,
biotinylated nucleotide mix and TdT enzyme were added and incubated for 1 h at 37°C;
slides were washed in PBS, blocked in hydrogen peroxide, and incubated in streptavidin
horseradish peroxidase. The slides were developed in 3,3'-diaminobenzidine and
counterstained with hematoxylin. The apoptotic cells (brown staining) were counted
under a microscope. The apoptosis index was defined by the percentage of brown cells
among the total cells of each sample. Ten fields with >200 cells in each were randomly

counted for each sample.

Results




E1A-mediated sensitization to paclitaxel correlated with E1A-induced apoptosis in
vitro

To test whether E1A can sensitize cells to paclitaxel-induced apoptosis in low Her-2/neu-
expressing cells in cell culture in vitro, we treated MDA-MB-231 (p53 mutant) and
MCF-7 (p53 wild type) human breast cancer cell lines and their E1A-expressing stable
cells with different dosages of paclitaxel and performed MTT cytotoxicity assays. We
found that stable expression of wild-type E1A enhanced sensitivity to paclitaxel-induced
killing in MDA-MB-231 cells in a dose dependent manner. Compared with their ICs,
dosage, the E1A-expressing stable cells were ten times more sensitive than that of the
paclitaxel-treated parental or vector-transfected control cells (Figure 1A). Stable
expression of E1A also enhanced the sensitivity of MCF-7 cells to paclitaxel, although to
a lesser extent. Interestingly, a revertant of the MCF-7 clone that lost its E1A expression
during long-term in vitro cell culture also lost its sensitivity to paclitaxel (Figure 1B).
Three additional independent E1A stable clones from each cell line were analyzed, all of
which expressed high levels of E1A protein and showed similar sensitivity to paclitaxel
(data not shown).

To address whether apoptosis was involved in E1A-mediated sensitization to
paclitaxel, we examined the presence of poly (ADP-ribose) polymerase (PARP) cleavage
as an apoptotic cell death marker. We detected a dose-dependent increase of PARP
cleavage in E1A-expressing MDA-MB-231 (231-E1A) and MCF-7 (MCF-7-E1A) cells
upon treatment with 0.1 uM to 0.001 pM paclitaxel. In parental and 231-Vect cells,
however, PARP cleavage was observed only upon treatment with 0.1 uM paclitaxel,

while in the revertant MCF-7 cell clone, it was not detected (Insert, Figure 1A and B).
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Fluorescence-activated cell sorting (FACS) analysis also supported that E1A enhanced
paclitaxel-induced apoptosis, as demonstrated by an increased proportion of sub-G1-
phase cells in E1A-expressing cell lines (Figure 1C). Thus, E1A-mediated sensitization to
paclitaxel in breast cancer MDA-MB-231 and MCF-7 cells consistent to the previous
report for E1A-mediated sensitization to multiple chemotherapeutic drugs (26, 32).
Expression of E1A enhances paclitaxel-induced anti-tumor effect in vivo

To test whether E1A also mediated sensitization to paclitaxel in vivo, we inoculated
stable E1A-expressing (231-E1A) and vector-transfected (231-Vect) MDA-MB-231 cells
into mouse m.f.p. In our pilot study, we inoculated same amount of MDA-MB-231 and
231-E1A cells into mouse m.f.p and observed that few of the animals with inoculation of
the 231-E1A cells developed tumor and even though in some cases, the tumors are
developed, but they are much smaller than those of the MDA-MB-231 cells (data not
show). Therefore, in order to ensure tumor formation with comparable size in 231-E1A-
inoculated animals, twice amount of 231-E1A cells were inoculated. When tumor
established, animals were then treated with or without paclitaxel, via intra-peritoneal
injection, once a week, for four consecutive weeks. Mice were grown for another six
weeks and were then sacrificed. Tumor tissues were collected and measured. The mean
tumor weight of animals inoculated with 231-E1A cells is significantly lower than that of
animals inoculated with 231-Vect cells (Figure 2A, P < 0.01), even though twice amount
of cells were original inoculated in 231-E1A group. The result supported the previous
reports that expression of E1A alone had a significant effect on repression tumor growth
in vivo independent of Her-2/neu status (18, 33). Treatment with paclitaxel of tumors

formed by inoculation of 231-E1A cells achieved 80% reduction of tumor weight in
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comparison with untreated control 231-E1A tumors. Paclitaxel treatment of tumors
formed by 231-Vect cells also achieved nearly 50% reduction of tumor weight. These
results indicate that paclitaxel alone is sufficient to achieve a fifty-percent cytoreduction
of tumor mass in comparison with mice treated with normal saline (NS) (Figure 2A).
Comparing the percentage of tumor shrinkage in paclitaxel treated 231-Vect tumor group,
paclitaxel treatment of 231-E1A tumor achieved a better tumor shrinkage than that of the
paclitaxel treated 231-Vect animals, i.e., the 231-E1A group was more sensitive to Taxol
(P < 0.01). Thus, expression of E1A also sensitized paclitaxel cytotoxic effect in
established tumors in vivo.

To test if E1A was still expressed in tumor tissue in vivo, we then analyzed E1A
expression in tumor tissue slides and used original 231-E1A stable cells prepared by
cytospun as the positive control by immunohistochemistry. Modest to strong E1A
staining was detected in more than ninety percent of 231-E1A stable cells cultured in
vitro in the cytospun slides (Figure 2B). Whereas, less than half of the cells were positive
for E1A staining in tumor tissue samples obtained from the original 231-E1A inoculated
animals, and most of them only had modest or weak staining of E1A (Figure 2B). This
result suggests that most of the cells with higher E1A-expressing were lost under the in
vivo selection pressure during tumor development. None of the control 231-Vect stable
cells or 231-Vect inoculated tumors had a positive staining for E1A (Figure 2B). These
results also suggest that expression of E1A repressed tumor growth in vivo while loss of
E1A expression may result in tumor development in 231-E1A stable cells.

El1A-mediated sensitization to paclitaxel correlated with E1A-induced

apoptosis in vivo
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To test if E1A-mediated sensitization to paclitaxel cytotoxicity in vivo is also through
apoptotic cell death, we used a deoxynucleotide transferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay to compare apoptotic index in paclitaxel-treated tumor
tissue samples obtained from animals inoculated with 231-E1A cells versus those from
animals inoculated with 231-Vect cells. In order to detect apoptotic cells in vivo
following paclitaxel treatment, tumor-bearing animals were treated with paclitaxel
(15mg/kg/animal) once by i.p. injection. Animals were sacrificed 24 hours after
paclitaxel treatment and tumor tissue samples were then collected and sectioned for
TUNEL assay. In tumor tissues obtained from 231-E1A-inoculated animals (n=3), a few
TUNEL-positive cells were detected without treatment with paclitaxel, however,
treatment with paclitaxel remarkably increased TUNEL-positive cells (from 9% to 18%
positive cells). Treatment with paclitaxel also enhanced TUNEL-positive cells in tumor
tissue samples obtained from 231-Vect-inoculated animals (n=3) (from 3% without
paclitaxel to 7% with paclitaxel) (Figure 3 A and B). Statistic analysis showed that
paclitaxel-treated 231-E1A tumor tissues had a significantly higher percentage of
TUNEL-positive cells than did paclitaxel-treated 231-Vect tumor tissues (p < 0.001).
Again, the result suggests that expression of E1A significantly enhanced paclitaxel
cytotoxicity in tumor tissue in vivo. The relatively higher frequency of TUNEL-positive
cells detected in tumor tissues obtained from 231-E1A-inoculated animals also suggests
that the relatively small tumors formed in 231-E1A-inoculated animals in Figure 2A may
in part due to the enhanced apoptosis in 231-E1A tumors.

Enhancement of paclitaxel-induced anti-tumor effect by systemic delivery of E1A

gene in an orthotopic breast cancer model ir vivo
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To explore whether E1A could directly enhance paclitaxel-induced killing in a gene
therapy setting in vivo, we designed systemic E1A gene therapy experiments in mice by
intravenous (i.v.) injection of liposome encapsulated E1A gene via the mouse tail vein
with or without combinaiton of paclitaxel chemotherapy. MDA-MB-231 cells were
inoculated orthotopically into mouse m.f.p. and were allowed to grow until a palpable
tumor was formed. When tumors were established, animals were regrouped and
randomly assigned to each experimental group. We used SN liposome formulation as our
gene-delivery system because of its relatively high efficiency in vivo (28). SN liposome
(SN) or SN liposome encapsulated E1A gene was given twice a week for six weeks
through mouse tail vein, while paclitaxel were given once a week by intra-peritoneal
injection for six weeks. We started to monitor tumor size once a week when animals
received the first time of each treatment and continued until six weeks later after each
treatment were ended (total for 12 weeks). We then compared the mean tumor volume
between each treatment group in order to assess the therapeutic effects of each treatment
regime. Compared with control SN liposome alone, treatment with either systemic
delivery of E1A gene or i.p. injection of paclitaxel repressed tumor growth during the 12-
week observation period (P < 0.05, P < 0.01) (Fig. 4). Compared with treatment of
systemic E1A gene alone or paclitaxel alone, a combination of E1A gene therapy and
paclitaxel chemotherapy produced significantly enhanced therapeutic effect of paclitaxel
and dramatically repressed tumor growth (both P < 0.0001) (Fig. 4). In addition, tumors
were completely eradicated in four out of seven mice treated with combination therapy.

Thus, combination of systemic E1A gene therapy with paclitaxel chemotherapy had a
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synergistic effect in repressing tumor growth in the orthotopic breast cancer model in
vivo.

Prolonged animal survival rate by E1A gene therapy in combination with paclitaxel
chemotherapy.

In order to see if combination of systemic E1A gene therapy with paclitaxel
chemotherapy could increase animal survival time, we extended our observation on
animals after receiving the above treatments. The end point criteria include either tumor
size reached 2 cm in diameter or animals are moribund. In animals that received
treatment with liposome alone, most of the animals were died or sacrificed (because their
tumors reached end point criteria) within three months after treatment. Although E1A-
liposome alone did not dramatically repress tumor growth as that of paclitaxel alone did
(Figure 4), treatment with systemic delivery of E1A gene achieved a comparable
enhancement than that of the animals treated with paclitaxel alone in terms of
prolongation of the animal survival times (P < 0.05) (Figure 5). Compared with survival
rate of animals with treatment of SN liposome, treatment with either E1A gene or
paclitaxel had a longer survival time (both P < 0.05). In nearly a year’s close observation,
we found that combination of systemic E1A gene therapy with paclitaxel chemotherapy
achieved a significantly better outcome in animal’s survival rates, compared with all the
three single treatment regimes, including SN-liposome alone, liposome-ElA, or
paclitaxel (all P < 0.01) (Fig. 5). In addition, three out of seven animals treated with
combination therapy achieved over one year’s tumor-free survival. Thus, combination of

systemic E1A gene therapy with paclitaxel chemotherapy significantly enhanced
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paclitaxel’s antitumor effect and dramatically prolonged animal survival rates in the

orthotopic breast cancer model in vivo.

DISSCUSION

In the current study, we showed that E1A mediated sensitization to the paclitaxel-
induced apoptosis in vitro in low Her-2/neu expression breast cancer MCF-7 and MDA-
MB-231 cells. We showed that expression of E1A also enhanced the therapeutic effect of
paclitaxel in an orthotopic breast cancer model in vivo. In addition, we demonstrated that
combination of a systemic E1A gene therapy using a surface-protected SN-liposome E1A
complex formulation with paclitaxel chemotherapy significantly enhanced paclitaxel’s
antitumor effect and dramatically prolonged animal survival rates in an orthotopic breast
cancer animal model. Our data showed that the combination of both E1A gene therapy
and paclitaxel chemotherapy is much more efficient than either E1A gene therapy or
paclitaxel alone in terms of repression of tumor growth in vivo and prolongation of
animal survival rate. Unlike the trials on Her-2/neu overexpression tumors that used Her-
2/neu expression as the marker, test on low Her-2/neu expression tumors may need a
surrogate marker or markers in order to monitor if the therapy works in this subgroup of
tumors. In the literature, previous studies on E1A-mediated sensitization to drug-induced
apoptosis in different cell systems or cell free systems have identified a few other

molecules that are also linked to E1A-mediated chemosensitization other than down-

-regulation of Her-2/neu, such as the pro-apoptotic protein Bax, Apaf-1, p19ARF, pro-

1Cip1/Waf-l

caspase-2, -3, -7, -8, and -9, cell cycle inhibitor p2 , or an yet unidentified

inhibitor that ordinary provides protection against cell death (23, 32, 34-41). Whether one

16




of these molecules or other unknown molecules could be used as a surrogate marker to
monitor the therapeutic effect of this combination therapy in tumors with low Her-2/neu
expression needs further assessment.

It is worthwhile mentioning the important clinical implications that the
concentration of paclitaxel we tested in the in vitro study. Because the paclitaxel
concentration that can Kkill cancer cells in vitro in the presence of E1A is clinically
relevant. A plasma concentration of 5 uM to 10 uM paclitaxel can be achieved after
bolus infusion of paclitaxel, but it rapidly falls to a level of several hundred nanomolar or
less (42). Our experiments showed that 10 nM paclitaxel was sufficient to induce
apoptosis in vitro in E1A-expressing cells but not in parental or vector control cells
(Figure 1). This indicates that clinically relevant concentration (5~200 nM) of paclitaxel
is sufficient to kill E1A-expressing cells, but parental cells require much higher dosage,
which may be difficult to be achieved in a clinical setting (42).

We have previously shown that Her-2/neu overexpressing cells are resistant to
paclitaxel-induced apoptosis (43, 44) and E1A, through downregulation of Her-2/neu,
can sensitize cellulér response to paclitaxel-induced apoptosis (22, 23, 43, 44). In those
studies, we could not detect E1A-mediated chemosensitization in the low Her-2/neu-
expressing cells (22). The major reason for this discrepancy was due to the paclitaxel
concentrations tested. The Her-2/neu-overexpressing cancer cells are resistant to
paclitaxel even at a dosage of 10.0 uM, in the presence of E1A, they became sensitive
even at the dose of 1.0 uM of paclitaxel (22, 23). The low Her-2/neu-expressing cells,
such as MDA-MB-231and MDA-MB-435, are much more sensitive to paclitaxel, even at

paclitaxel concentration of 0.1 pM they are still sensitive (22). Therefore, in the previous
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studies, the dose of paclitaxel was too high (1 pM) to detect E1A-mediated paclitaxel
sensitization that became detectable in the present study (0.01 uM). Thus, the E1A gene
therapy strategy may represent a novel and unique way to enhance the sensitivity of
tumor cells to chemotherapy and the current study provides solid pre-clinical data that
may help in developing further clinical trials using the combination of chemotherapy with

systemic gene therapy.
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Legend to Figures

Figure 1. E1A-mediated sensitization to paclitaxel-induced apoptosis in vitro.

a: MTT assay. Percentage of viable cells after exposure to 0.1uM, 0.01 puM, and 0.001
uM of paclitaxel (Taxol) for 24 hr in MDA-MB-231 (231), vector-transfected cells
(Vect), and E1A-expressing cells (E1A) detected using MTT assay. The number of viable
cells without paclitaxel treatment was defined as 100%. The insert shows a cleaved
PARP p89 fragment (APARP) that was detected using a rabbit polyclonal antibody
against cleaved PARP. Lanes 1, 5, and 9 in the insert represent cleaved PARP products
from cells without paclitaxel treatment.

b: Percentage of viable cells after exposure to paclitaxel in MCF-7 cells, MCF-7/E1A-
expressing cells (MCF-7-E1A), and a revertant of E1A-expressing clone (E1A-R)
detected using MTT assay. The insert shows APARP, and lanes 1, 5, and 9 in the insert
represent cleaved PARP products from cells without paclitaxel treamtment.

¢: FACS analysis of sub-Gl-phase apoptotic cells with or without exposure to 0.01 uM
paclitaxel for 24 hours. The symbols used are the same as those in panels A and B.
DMSO, dimethy! sulfoxide.

Figure 2. E1A enhanced paclitaxel anti-tumor effect in nude mice in vivo.

a: Tumor volume of animals inoculated with MDA-MB-231-Vect (231-Vect) or MDA-
MB-231-E1A (231-E1A) stable cells with or without treatment with paclitaxel. At least 5
animals were included in each group.

b: Immunohistochemical analysis of E1A expression in 231-Vect (a, b) and 231-E1A (c,
d) cells growing in tissue culture in vitro (a and c, respectively) and in tumor tissue

sample in vivo (b and d, respectively) after cells were inoculated into animal.
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Figure 3. TUNEL assay of apoptotic cells in tumor tissue in vivo.

a: TUNEI labelling of apoptotic cells in tumor tissue samples obtained from 231-Vect or
231-E1A inoculated animals with (b and d) or without (a and c) treatment with
paclitaxel.

b: The percentage of TUNEL-positive cells in the tumor tissues samples obtained from
231-Vect and 231-E1A inoculated animals (each n=3) with or without treatment of
paclitaxel.

Figure 4. Tumor volume of animals during or after treatment with systemic delivery of
liposome-E1A alone with or without i.p. injection of paclitaxel. Treatment groups
included SN-liposome vehicle (%), SN-liposome-E1A (), paclitaxel alone (O), or
paclitaxel plus SN-E1A (Hl). At least 7 animals were included in each group.

Figure 5. Survival curve of animals after treatment with systemic delivery of SN
liposome alone (), i.v. liposome-E1A alone (), i.p. injection of paclitaxel (O), or

combination of systemic liposome E1A and i.p. injection of paclitaxel ().
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Abstract

The adenoviral type 5 E1A protein has been shown to induce sensitization to
different categories of anticancer drug-induced apoptosis, partly by downregulation
of the activity of a critical oncogenic kinase Akt in both normal fibroblasts and
epithelial breast cancer cells (Liao Y & Hung MC, MCB, 2003; Viniegra JG, et al.
Oncogene, 2002). Currently, the adenoviral E1A gene is being tested as an anti-tumor
gene in multiple clinical trials. However, molecular mechanisms underlying E1A-
mediated chemosensitization and downregulation of Akt activity are still not
completely defined. Here, we show that E1A by upregulation of the catalytic subunit
of PP2A (PP2A/C) enhanced the activity of PP2A, which results in repression of Akt
activation in E1A expressing cells. In addition, activation of PP2A/C is required for
El1A-mediated sensitization to drug-induced apoptosis, since blocking PP2A/C
expression using a specific small interfering RNA (siRNA) against PP2A/C reduced
drug sensitivity in E1A-expressing cells. Deletion mutation of the conserved domain
of E1A, which is required for ElA-mediated sensitization to drug-induced
apoptosis, also abolished E1A’s ability to upregulate PP2A/C. Thus, the upregulation
of PP2A may represent a novel mechanism for E1A-mediated sensitization to anti-

cancer drug-induced apoptosis.




Reversible phosphorylation of proteins by protein kinases and phosphatases is a
key regulatory mechanism in the contro! of multiple cellular processes, ranging from cell
proliferation and survival to cell death. Many oncogenes identified today are protein
kinases, since their kinase activities are finely regulated by respective protein
phosphatases, it is important to understand how the respective protein phosphatases are
involved in the regulation of these cellular processes (1). So far, alterations or mutations
of very few phosphatases have been implicated in the development of tumors and only
the dual-specific protein phosphatase PTEN exhibits many characteristics of a typical
tumor suppressor (2, 3). A tumor suppressive function of protein phosphatase 2A (PP2A)
has been proposed, as a deletion mutation of the regulatory subunit of PP2A was found in
primary human breast, colon, and lung tumors and melanoma (2) and inactivation of
PP2A by the small t antigen of the DNA tumor virus simian virus 40 (SV40) was also
found to be involved in viral-induced cell transformation (4). The core enzyme of PP2A
is a dimer, consisting of a catalytic subunit (PP2A/C) and a regulatory or structural A
subunit (PP2A/A). A third regulatory B subunit (PP2A/B), which determines substrate
specificity, can be associated with this core structure (1, 2). Recent evidence indicates
that PP2A forms stable complexes with protein kinase signaling molecules, indicating
that it plays a central, regulatory role in signal transduction mediated by reversible
protein phosphorylation (1). While the role of PP2A in the regulation of apoptosis is not
clear, result from a gene knockout study of PP2A/C implies that it may play a critical role
in regulation of apoptotic signaling (5). In supporting of this notion, several groups

reported that PP2A through the dephosphorylation of a key oncogenic survival factor Akt




participated in the regulation of apoptosis induced by ceramide, mistletoe lectin, and 4-
hydroxynonenal, an aldehyde product of membrane lipid peroxidation (6-8).

Recently, we and other groups have shown that repression of Akt activation by
adenoviral E1A contributed to E1A-mediated sensitization to anticancer drug-induced
apoptosis in both normal fibroblast and epithelial breast cancer cells (9-11). However, the
mechanism involved in E1A-mediated repression of Akt activity is still not known. Here,
we show that the PP2A phopshatase activity is enhanced in E1A-expressing cells through
E1A-mediated upregulation of PP2A/C expression, which results in repression of Akt
activation. We demonstrated that PP2A is involved in regulation of apoptosis and that
activation of PP2A/C is also required for E1A-mediated sensitization to anti-cancer

drug-induced apoptosis in E1A expressing breast cancer cells.

Materials and Methods

Cell lines. The stable E1A-expressing cell lines and domain deletion mutants
were established as described previously (10).

Preparation of cell lIysates, western blot analysis, and antibodies.
Preparation of cell lysates and western blot analysis were performed according to
standard protocols as previously discribed (10). Rabbit anti-human PP2A/A and PP2A/C
were purchased from CalBiochem (La Jolla, CA). Information of other antibodies used
were previously diécribed (10).

Serine/threonine phosphatase assay. A nonradioactive serine/threonine
phosphatase assay system was purchased from Promega Corporation (Madison, WI).

PP2A phosphatase activity was measured according to the manufacturer’s protocol.




Immunoprecipitation, PP2A treatment, and Akt dephosphorylation assay. To
measure endogenous Akt dephosphorylation by exogenous purified recombinant human
PP2A (rhPP2A) (Upstate Biotechnnology, NY), cells were stimulated using 10 pM
insulin for 15 min before harvesting. To measure exogenous Akt dephosphorylation, HA-
tagged Akt was transiently transfected into 293T cells. Cells were lysed,
immunoprecipitated with anti-Akt or anti-HA antibodies. Aliquots of the Akt
immunoprecipitates were incubated with various doses of thPP2A at 30°C for 30 min,
after which the reaction was terminated through the addition of 6X SDS loading buffer
and resolved using 10% SDS-PAGE. Phosphorylated and total Akt and HA-tag were
measured using anti-phospho-Akt (Thr308-p) and total Akt and anti-HA tagged antibody,
respectively.

Synthesis and application of siRNA. Double stranded siRNAs were produced in
vitro using chemically synthesized DNA oligonucleotide templates (Sigma, St. Louis,
WA) and the T7-MEGAshortscipt™ kit (Ambion Inc., Austin, TX) according to the T7
siRNA protocol described by Paddison et al. (12). The specific primer sequences for
PP2A/C are:

A: 5 CCG AGT CCC AGG TCA AGA G CC TAT AGT GAG TCG TATTAC 3’

B: 5 GAG GCT CTT GAC CTG GGA C CC TAT AGT GAG TCG TAT TAC 3

The non-specific scrambled control primer sequences are:

A: 5" ATG GAG AGC AGG TCA AAC T CC TAT AGT GAG TCG TAT TAC 3’

B: 5 TTG GAG TTT GAC CTG CTC T CC TAT AGT GAG TCG TAT TAC 3’
Statistical analysis. Statistical analysis was performed with a two-tailed

Student’s ¢ test, and P < 0.05 was considered statistically significant.



Results and Discussion

PP2A activity is enhanced, which is correlated with elevated expression of the
catalytic subunit of PP2A (PP2A/C) in stable E1A-expressing cells. Phosphorylation of
protein kinases are tightly regulated by related protein phosphatases and two phosphatases,
PTEN and PP2A, have been shown to repress Akt activation through dephosphorylation (3,
6-8). In order to identify whether protein phosphatases were involved in E1A-mediated
downregulation of Akt activation, we measured the alteration of protein phosphatases, such
as PTEN, PP2A, in stable E1A-expressing cells versus that in vector control cells. We did
not detect any change in PTEN expression in stable E1A-expressing cells versus control
cells (data not show). Also, there was no change in the expression level of the PP2A
regulatory A subunit PP2A/A, however, we did detect elevated expression of the catalytic
subunit of PP2A (PP2A/C) in multiple stable E1A expressing cells (Figure 1A). Thus, we
further tested if PP2A activity was increased in the E1A-expressing cells by using a specific
PP2A phosphatase assay. We observed that the PP2A activity was enhanced in E1A-
expressing MDA-MB-231 cells (231-E1A) in a dose (protein and substrate concentration)
dependent manner compared to that of the vector control cells (231-Vect)(both P< 0.01, Fig.
1B). The above results suggest that E1A by upregulating PP2A/C expression enhance the
activity of PP2A.

PP2A is involved in the regulation of Akt and p38 activities. Next, we asked if
enhanced PP2A activity in ElA-expressing stable cells contributed to ElA-mediated

repression of Akt activation. First, we verified whether Akt could be dephosphorylated by



recombinant human PP2A (thPP2A), which contains both the catalytic and the regulatory A
subunits. Dephosphorylation of endogenous Akt occurred in a rhPP2A dose-dependent
manner (Fig. 1C). Similar to the dephosphorylation of endogenous Akt, the HA-tagged,
exogenous Akt was also dephosphorylated by thPP2A in a dose-dependent manner in vifro
(data not show). To test if dephosphorylation of Akt is dependent on PP2A activity, we used
the specific PP2A inhibitor okadaic acid (OA) to block PP2A activity and measured Akt
phosphorylation in the presence of rhPP2A. We found that dephosphorylation of both
endogenous and exogenous Akt was completely abolished in the presence of 1nM PP2A
inhibitor OA (Fig. 1C and data not show). This result suggests that dephosphorylation of
Akt is mediated by PP2A and dependent on PP2A phosphatase activity in vitro.

To test if dephosphorylation of Akt by PP2A also occurs in cells in vivo, stable E1IA
expressing 231-E1A were treated with OA and the Akt phosphorylation level was
monitored for 24 hrs. In the presence of OA, the Akt phosphorylation level was
significantly increased at 12 hrs and the increment was subsequently reduced at 24 hrs,
presumably due to the limited half-life of OA (Fig. 1D). Previously, we and other groups
have shown that activation of Akt results in inactivation of p38 (10, 13), therefore we
also measured p38 phosphorylation before and after exposure with OA. In consistent to
the previous studies, phosphorylation of p38 was detected before exposure to OA (0 hr)
and was repressed at 12 hrs when Akt phosphorylation was increased. Additionally, p38
phosphorylation was recovered at 24 hrs when accumulation of Akt phosphorylation was
reduced (Fig. 1D). Both total Akt and total p38 protein levels had no change throughout
exposure with OA (Fig. 1D). This result indicates that both Akt and p38 phosphorylation

can also be regulated by PP2A in vivo.



Upregulation of PP2A/C is required for E1A-mediated chemosensitization. It
has been reported that E1A could sensitize anticancer drug-induced apoptosis through
downregulation of Akt activation (9, 10), we asked whether E1A-induced upregulation of
PP2A/C might play a role in ElA-mediated chemosensitization. To test this, we
measured PP2A/C expression during anticancer drug-induced apoptosis in both 231-Vect
cells and 231-E1A cells. We used PARP cleavage as a marker of apoptosis and Bcl-2
phosphorylation as an indication of the pharmaceutical effect of the anti-microtubule
drug paclitaxel (14). The protein level of PP2A/C was further increased and was
correlated with reduced Akt phosphorylation, increased p38 phosphorylation and Bcl-2
phosphorylation, and increased PARP cleavage after exposure to paclitaxel in the 231-
E1A cells, suggesting increased PP2A/C is correlated with drug-induced apoptosis in
E1A-expressing cells (Fig. 2A). In addition, to test which apoptotic pathway is involved
in ElA-mediated sensitization to paclitaxel-induced apoptosis, we measured the
expression of caspase-3, -8, —9, and cytosolic fraction of cytochrome c¢ (15). We
observed that paclitaxel-induced PP2A/C expression and PARP cleavage in 231-E1A
cells correlated with cytochrome c release and activation of procaspase-8, -9, and -3.
This result suggests that both intrinsic (represented by cytochrome ¢ release and caspase-
9 cleavage) and extrinsic (represented by activation of procaspase-8) apoptotic pathways
may be involved in El1A-mediated sensitization to paclitaxel-induced apoptosis (15).
PARP cleavage and increased PP2A/C was also observed in the 231-Vect cells after
treatment with paclitaxel, but to a much lesser extent, it implied that PP2A/C may be

required for drug-induced apoptosis in the absence of E1A.



To test if the above observation can also be applied to El1A-mediated
chemosensitization in other cell lines, additional two pairs of E1A-expressing stable cell
lines and the vector DNA transfected controls were tested. We observed notébly higher
levels of PP2A/C, reduced Akt phosphorylation, enhanced p38 phosphorylation, and
cleaved PARP fragment in E1A-expressing cells after exposure to paclitaxel compared to
that of the corresponding vector controls. Again, enhanced expression of PP2A/C and
cleaved PARP fragment in E1A-expressing cells after exposure to paclitaxel correlated
with the activation of procaspase-3, —8, and —9 (Fig. 2B). Whereas the expression level
of the regulatory subunit of PP2A/A was not significantly altered in E1 A-expressing cells
versus control cells (Fig. 2B). These data suggest that elevated expression of PP2A/C in
ElA-expressing cells is involved in ElA-mediated sensitization to drug-induced
apoptosis.

To further test if upregulation of PP2A/C expression by E1A is required for E1A-
mediated sensitization to apoptosis, we used a double-strand small interfering RNA
(siRNA) against PP2A/C as a tool to knockdown PP2A/C expression in E1A—expressing
cells. First, we did a dose escalation study of siRNA on PP2A/C protein expression, we
found 5.0 ug siRNA was sufficient to repress PP2A/C expression (~60% reduction in
PP2A/C protein expression) in 231-E1A cells (Fig. 2C). We then tested if repression of
PP2A/C expression would also inhibit drug-induced apoptosis in E1A—expressing cells.
We exposed 231-E1A cells to either a specific siRNA against PP2A/C or a scrambled,
non-specific control siRNA in the presence or absence of paclitaxel for 24 hours. We
then measured the expression levels of cleaved PARP and PP2A/C and counted events of

nuclear fragmentation under microscopy as an alternative measure for the occurrence of



apoptotic cells. We detected a 2-fold increase in the expression level of PP2A/C and 2.5-
fold increase of cleaved PARP in the presence of paclitaxel as compared with cells
treated with control siRNA alone without paclitaxel (Fig. 2D, lanes 1 versus lane 2).
However, when compared with cells in the presence of control siRNA, cells treated with
PP2A/C specific siRNA had reduced both PP2A/C expression and cleaved PARP (0.5-
fold of PP2A/C and 0.2-fold cleaved PARP proteins) (Fig. 2D, lane 1 versus lane 3). In
the presence of both PP2A/C specific siRNA and paclitaxel, the increment of PP2A/C
expression is minimal (0.7-fold that of control siRNA alone) and the cleaved PARP
protein is comparable with control siRNA alone (0.9-fold) in the absence of paclitaxel
(Fig. 2D, lane 1 versus lanes 4). In consistent with the above results, we also observed
that when PP2A/C expression was blocked by specific siRNA, Akt phosphorylation was
elevated while p38 phsophorylation was reduced (Fig. 2D). Corresponding with the
expression of PP2A/C and cleaved PARP proteins, the rate of DNA fragmentation in
control siRNA treated cells is about 9 % (18/200) in the absence of paclitaxel and 21%
(42/200) in the presence of paclitaxel. Whereas, in PP2A/C specific siRNA treated cells,
the rate of DNA fragmentation is about 4% (8/200) in the absence of paclitaxel and 12%
(24/200) in the presence of drug (Fig. 2E).

Taken together, the above results suggest that upregulation of PP2A/C is required for
E1A-mediated sensitization to drug—induced apoptosis.

A PP2A phosphatase activity is also involved in apoptosis induced by different
apoptotic stimuli, such as TNF-. The above results established that by regulation of
the Akt activation, PP2A played a role in adenoviral E1A-mediated sensitization to anti-

cancer drug-induced apoptosis by repressing Akt activation and upregulation of p38
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activation. In the previous report, we have shown that repression of Akt activation and
upregulation of p38 activation contributed to different apoptotic stimuli-induced
apoptosis, such as exposure to tumor necrosis factor (TNF)-o (10). To further test if
PP2A plays a general role in the regulation of apoptosis by different apoptotic stimuli in
the absence of E1A, we treated MDA-MB-231 cells with TNF-« at a dose that could
induce apoptosis (10). PP2A phosphatase activity was measured after treatment. As
experimental controls, we also treated MDA-MB-231 cells with insulin-like growth
factor-1 (IGF-1), which is known to transiently stimulate the PI3K-Akt pathway, and
MEK inhibitor PD58098, which is not supposed to affect Akt or p38 phosphorylation.
We again used the cleaved PARP fragment (p89PARP) as a marker for apoptosis. As
expected, we detected cleaved PARP in MDA-MB-231 cells after treatment with TNF-o/
for 24 hrs, correspondingly, we detected increased p38 phosphorylation and reduced Akt
phosphorylation. Interestingly, we also observed increased PP2A phosphatase activity
after treatment with TNF-« (Fig. 3). However, treatment with the MEK inhibitor
PD58098 did not induce detectable PARP cleavage, alteration of Akt and p38
phosphorylation, or alteration of PP2A activity. Although IGF-1 did not dramatically
affect Akt or p38 phosphorylation at the 24 hrs time point, it slightly reduced PP2A
activity (Fig. 3). These results suggest that PP2A may also be involved in TNF-o induced
PARP cleavage and apoptosis. In addition, when Akt activity was blocked by PI3K
inhibitor Wortmannin, PP2A activity was increased, which correlated with decreased Akt
phosphorylation, increased p38 phosphorylation, and PARP cleavage (Fig. 3).

Additionally, blocking Akt activation using another PI3K inhibitor, LY249002, also
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increased PP2A activity (data not shown). Thus, the PP2A activity is also involved in
apoptosis induced by the blockade of PI3K-Akt pathway.

A conserved domain of E1A is required for upregulation of PP2A/C and
sensitization to drug-induced apoptosis. Since PP2A/C is required for sensitization to
drug-induced apoptosis, we then asked whether a deletion mutation of any conserved
domain (CR) of E1A, which is required for E1A to sensitize cells to drug-induced apoptosis,
also disrupts the ability of E1A to upregulate PP2A/C expression. In our previous report, we
had mapped that among the three conserved domains of E1A, CR2 is associated with E1A—
mediated sensitization to drug-induced apoptosis (10). Therefore, we utilized the same set of
wild type (WT) E1A or conserved domain deletion mutant stable cells (ACR1, ACR2, and
ACR3) established in MDA-MB-231 cells to test if the same deletion mutation would affect
E1A-mediated upregulation of PP2A/C (Fig. 4A). As expected, we found that deletion
mutation of the CR2 domain impaired E1A’s ability to upregulate PP2A/C expression while
the CR1 or CR3 domain mutant only slightly affected E1A-mediated upregulation of
PP2A/C in the presence of paclitaxel (Fig. 4B). Thus, this result further supports that EIA-
mediated chemosensitization requires upregulation of PP2A/C.

Taken together, in the current study, we showed that E1A-mediated sensitization
to drug-induced apoptosis involves activation of PP2A through upregulation of PP2A/C
expression, which results in activation of p38 and repression of Akt. In addition,
activation of PP2A/C is required for ElA—mediated sensitization to drug-induced
apoptosis, as blocking PP2A/C expression by a siRNA against PP2A/C reduced drug
sensitivity of E1A-expressing cells. Deletion mutation of the conserved domain of E1A,

which is required for E1A-mediated sensitization to drug-induced apoptosis, abolished
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EIA’s ability to upregulate PP2A/C (Fig. 4B) and downregulate Akt activation (10).
Thus, by repressing Akt activation through PP2A, E1A upregulates p38 and facilitates
cytochrome c release from mitochondria (Fig. 2A), which in turn, contributes to E1A-

mediated sensitization to drug-induced apoptosis.
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Figure Legends

Fig. 1. PP2A activity is enhanced in stable E1A-expressing cells through upregulation of
PP2A/C. A, Protein expression of PP2A/A, PP2A/C, EIA, and actin in stable E1A-
expressing cells (E) and corresponding vector controls (V). B, PP2A activity was
measured using a protein phosphatase assay kit. The substrate phospho-peptide
concentrations were 20, 40, 100, 200, and 400 uM, respectively. Protein concentrations
include 0.1, 1.0, and 10 pg, respectively. V, 231-Vector. E, 231-E1A. Results shown here
are from free independent experiments. C, Dephosphorylation of Akt by purified hPP2A
(1 mU = 1 x 10° U) and inhibition of by okadaic acid (OA; 1 nM) in vitro. Aliquots of
immunoprecipitated endogenous Akt was incubated with purified human PP2A enzyme
(hPP2A), relative phosphatase activities were measured by anti-phospho-Akt (T308)
antibody. Total Akt was used as a loading control. D, Blocking PP2A activity by
exposing 231-E1A cells to okadaic acid (10 nM) increased Akt phosphorylation and
inhibited p38 phosphorylation.

Fig. 2. Upregulation of PP2A/C is required for E1A-mediated chemosensitization. 4,
PARP cleavage and PP2A/C activation in 231-Vect and 231-E1A cells after treatment
with paclitaxel. Cyt. ¢: cytochrome c. B, Western blot analysis of PP2A and the catalytic
subunit PP2A/C in Vect (V) or E1A (E) transfected MCF-7 and MDA-MB-453 cells
after exposure to 0.01 UM and 1.0 uM of paclitaxel, respectively. C, A dose-finding test
of specific PP2A/C siRNA on PP2A/C expression in 231-E1A cells. Relative intensity of
PP2A/C was shown in the bottom. D, Cells were transfected with siRNA using JetSI™

cationic transfection reagent (Obiogene, Inc., Carlsbad, CA) for 16 hrs and replaced with
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fresh medium before addition of 0.01 uM of paclitaxel and were incubated for another 24
hrs before harvesting. Relative intensities of PARP and PP2A/C in specific siRNA
(PP2A/C) and non-specific control siRNA (Control) protected cells were shown in the
bottom of each band. E, For nuclear fragmentation analysis, cells were grown in Lab-
Tek® Chamber Slides™ (Nunc, Inc., Naperville, IL) and were treated by the same
procedure as described above. Cells were then washed with PBS twice and fixed with
70% alcohol and stained with Hoechst 33342 (0.5 pug/ml, Sigma, St. Louis, Missouri).
Events of apoptotic nuclei were counted under a fluorescence microscope and the mean
values in every 200 cells in each field were plotted.

Fig. 3. Enhanced PP2A phosphatase activity in TNF-o. induced apoptosis. PP2A
phosphatase activity and Western blot analysis of the expression of phospho-Akt,
phospho-p38, and PARP cleavage in MDA-MB-231 cells with treatment of IGF-1 (50
ng/ml), TNF-o (50 ng/ml), the PI3K inhibitor Wortmannin (WORT; 0.5 uM), and the
MEK1/2 inhibitor PD98058 (PD; 20 uM).

Fig. 4. Conserved domains of E1A required for upregulation of PP2A/C. 4, A domain
structure and map for deletion mutation of CR1 and CR2. B, Western blot analysis of
PP2A/C in vector-transfected (V), or wild type E1A (WT) and mutant E1A (ACRI,

ACR2, or ACR3). Actin was used as a loading control.
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ABSTRACT

Purpose: The diversity of biological functions makes
p21S"PVWAFL (51) a controversial marker in predicting the
prognosis of breast cancer patients. Recent laboratory stud-
ies revealed that the regulation of p21 function could be
related to different subcellular localizations of p21 by Akt-
induced phosphorylation at threonine 145 in HER2/neu-
overexpressing breast cancer cells. The purpose of this study
was to verify these findings in clinical settings.

Experimental Design: The expression status of the key
biological markers in the HER2/neu-Akt-p21 pathway in
130 breast cancer specimens was evaluated by immunohis-
tochemical staining and correlated with patients’ clinical
parameters and survival. In addition, an antibody against
phospho-p21 at threonine 145 [phospho-p21 (T145)] was
also used for better validation of these findings.

Results: Cytoplasmic localization of p21 is highly cor-
related with overexpression of phospho-p21 (T145). Both
cytoplasmic p21 and overexpression of phospho-p21 (T145)
are associated with high expression of HER2/neu and phos-
pho-Akt. Cytoplasmic localization of p21 and overexpres-
sion of phospho-p21 (T145), HER2/neu, and phospho-Akt
are all associated with worse overall survival. Multivariate
analysis of the Cox proportional hazard regression model
revealed that cytoplasmic p21 and overexpression of HER2/
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neu are independently associated with increased risk of
death. Combining these two factors stratified patients’
survival into four distinct groups, with a 5-year survival
rate of 79% in low HER2/neu and negative/nuclear p21 pa-
tients, 60% in high HER2/neu and negative/nuclear p21
patients, 29% in low HER2/meu and cytoplasmic p21
patients, and 16% in high HER2/neu and cytoplasmic
p21 patients.

Conclusions: The present study, in addition to support-
ing the mechanisms of p21 regulation derived from labora-
tory investigation, demonstrates the prognostic importance
of phospho-p21 (T145) for the first time and also provides a
novel combination of p21 and HER2/neu for better stratifi-
cation of patients’ survival than any single clinicopatholog-
ical or biological marker that may play important diagnostic
and therapeutic roles for breast cancer patients.

INTRODUCTION

Overexpression or amplification of the receptor tyrosine
kinase HER2/neu (also known as ErbB2) has been noted in
~30% of breast cancer patients and is frequently associated
with shorter survival and poor prognostic features, including
earlier relapse and increased number of lymph node metastases
(1). The underlying mechanisms by which HER2/neu promotes
tumorigenesis, invasiveness, and metastasis of cancer cells have
been extensively studied (2). The phosphatidylinositol-3-OH
kinase/Akt pathway is an important HER2/neu downstream
cascade in preventing cells from undergoing apoptosis and
contributing to cell proliferation (3-5). For example, after phos-
phorylation, the activated Akt can phosphorylate various sub-
strates, such as Bad (6), caspase-9 (7), Forkhead family tran-
scription factors (8, 9), MDM2 (10, 11), and p21<PVWAF! (5o,
Ref. 12), resulting in either suppression of apoptosis or promo-
tion of cell proliferation. Activation of Akt has also been cor-
related with poor outcome in breast cancer patients (13).

Among the downstream substrates of Akt, p21 is a critical
modulator of cell cycle and cell survival, although its regulation
and function have largely remained unclear. p21 was initially
considered to be an inhibitor of cell cycle progression and has
been shown to suppress tumor formation in xenograft models
(14, 15). However, several recent studies have suggested that
this protein can also promote cell survival and cell cycle pro-
gression (16-18). In addition, elevated p21 protein levels have
been observed in various aggressive malignancies, such as gli-
oma and leukemia, and may contribute to chemoresistance (19,
20). The role of p21 in breast cancers has also been controversial
in laboratory and clinical studies. It has been shown that HER2/
neu-overexpressing breast cancer cells can induce chemoresis-
tance through increased expression of p21 (21) and that p21
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overexpression is associated with poor prognosis in breast can-
cer patients (22). On the other hand, several studies indicated
that p21 expression provides no prognostic information for
patients with breast cancer (23, 24). The contradictory effects on
tumorigenesis, as well as inconsistent reports about clinical
outcomes of p21, could be related to the subcellular localization
of this special protein because recent studies have revealed that
the cell growth-inhibitory activity of p21 is strongly correlated
with its nuclear localization. However, p21 can also localize in
the cytoplasm, where it plays an important role in protecting
cells from apoptosis (16, 18) and was associated with poor
prognosis in breast cancer patients (25).

The cellular localization of p21 has been proposed to be
critical for the regulation of p21 function (26), and we recently
identified the mechanism by which p21 is phosphorylated by
Akt at a consensus threonine residue (threonine 145), which
results in cytoplasmic localization and suppression of growth-
inhibiting activity (12). Because our previous findings clearly
demonstrated the regulation of p21 localization and function of
the HER2/neu-Akt pathway in a laboratory setting, to further
address how this signaling pathway is related to survival and
other clinical parameters of breast cancer patients, we analyzed
the expression status of p21, HER2/neu, and phospho-Akt by
immunohistochemical (IHC) staining in 130 breast cancer spec-
imens and compared their expression levels and subceltular
localization with clinical outcome. In addition, we used a newly
developed antibody against phospho-p21 at threonine 145
[phospho-p21 (T145)] to further validate the results.

MATERIALS AND METHODS

Patients and Tumor Specimens. We obtained 130 ar-
chived blocks containing formalin-fixed, paraffin-embedded in-
filtrating breast carcinoma from the Department of Pathology,
Shanghai East Breast Disease Hospital, People’s Republic of
China. All of the patients were women with nonmetastatic
disease who had undergone mastectomy and axillary lymph
node dissection between 1988 and 1994. After surgical treat-
ment, the patients were offered adjuvant chemotherapy and/or
radiotherapy and hormone therapy, depending on the number of
lymph node metastases, status of menopause, and estrogen
and/or progesterone receptor positivity. The clinicopathological
characteristics of the study population, including age, tumor
size, lymph node status, tumor grade, and estrogen receptor/
progesterone receptor positivity, were obtained from medical
records. The estrogen and progesterone receptor status was
unavailable for 20 and 19 tumor specimens, respectively. The
stage was assessed by the TNM clinical staging system of the
American Joint Committee on Cancer (27). Patients were fol-
lowed 4-72 months, with a median follow-up of 48 months.

Generation of Anti-Phospho-p21 (T145) Antibody.
The polyclonal antibody against phosphorylated human p21
protein was generated by immunization of rabbits with a carrier
protein, keyhole limpet hemocyanin, in conjunction with a phos-
phorylated 11-mer peptide [KRRQT-(PO;)-SMTDFY] at the
terminal region of the p21 sequence encompassing the Akt
phosphorylation site (threonine 145). Peptides were synthesized
for antibody production by SynPeptide, Inc. (Dubin, CA) and
were checked under stringent analytical specifications, which

included high performance liquid chromatography, mass spec-
trometry, and UV analysis. The polyclonal antibody was also
generated and affinity-purified by SynPeptide, Inc.

Immunoprecipitation and Immunoblotting. 293T cells
were transiently transfected by use of SN liposome (28). After
transfection for 36 h, 293T cells were washed with PBS and
scraped into RIPA-B buffer. After brief sonication, the cell
lysates were centrifuged at 14,300 X g for 30 min at 4°C to
remove insoluble cell debris. The supernatant was preincubated
with protein G-agarose (Roche) for 1 h at 4°C. Flag-tagged p21
was immunoprecipitated overnight with anti-Flag (M2) anti-
body (Sigma) and protein G-agarose. The immunocomplex was
washed four times with RIPA-B buffer, dissolved in sampling
buffer, and subjected to SDS-PAGE; the proteins were then
transferred to a polyvinylidene difluoride membrane. The mem-
branes were blocked with 5% BSA in Tris-buffered saline and
were incubated with anti-phospho-p21 (T145) antibody (1:1000
diluted in Tris-buffered saline-Tween containing 3% BSA) and
then with horseradish peroxidase-conjugated antirabbit second-
ary antibodies. The immunoblots were visualized by use of the
ECL kit (Amersham Pharmacia Biotech).

THC Staining for p21, Phospho-p21 (T145), HER2/neu,
and Phospho-Akt. The immunoperoxidase staining method
was modified from the avidin-biotin complex technique as de-
scribed previously (29). In brief, slides (5 pm) were deparaf-
finized. After antigen retrieval, the slides were digested in
0.05% trypsin. The endogenous peroxidase activity was blocked
by incubation in 0.3% hydrogen peroxide, and the slides were
then treated with 10% normal goat or horse serum for 30 min.
After overnight incubation with primary antibodies, including

Flag-p21

HA-Akt KD WT B

o~ phospho-p21
(T145)

Total lysate

Fig. 1 Detection of p21 (T145) phosphorylation by anti-phospho-p21
(T145) antibody. Flag-tagged p21 and HA-tagged wild-type (WT) or
kinase-dead Akt (KD) were cotransfected transiently into 293T cells.
After 36 h of transfection, lysates of cells were subjected to p2l
immunoprecipitation (/P) with anti-Flag antibody. p21 (T145) phospho-
rylation by Akt was detected by an anti-phospho-p2! (T145)-specific
antibody. Expression levels of Akt (WT) and Akt (KD) were assessed by
immunoblotting (/B).
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(a) rabbit polyclonal anti-p21 (c-19; 1:100 dilution; Santa Cruz
Biotechnology Inc., Santa Cruz, CA); (b) rabbit polyclonal
anti-phospho-p21 (T145) (1:15 dilution; generated by SynPep-
tide Inc); (¢) rabbit polyclonal anti-HER2/neu (anti-c-erbB-2,
1:300 dilution; DAKO, Carpinteria, CA); and (d) rabbit poly-
clonal anti-phospho-Akt (T308) (1:80 dilution; New England
Biolabs Inc.), the slides were incubated with biotinylated sec-
ondary antibodies and subsequently incubated with avidin-bi-
otin-horseradish peroxidase complex (Vector Laboratories, Bur-
lingame, CA). Antibody detection was performed with the
0.125% aminoethylcarbazole chromogen substrate solution
(AEC substrate) from Sigma Chemical Co. After counterstain-
ing with Mayer’s hematoxylin (Sigma), the sides were mounted.
For negative control, all incubation steps were identical except
that PBS was used rather than primary antibody. A previously
identified strongly staining tumor tissue section was used as a
positive control. The prepared slides were examined by light
Microscopy.

Fluorescent in Situ Hybridization (FISH). The paraf-
fin-embedded tissue sections were baked at 65°C for 2 h and
deparaffinized as described previously (29). The FISH assay
was performed with the PathVysion HER2 DNA probe Kit
(Vysis Inc) according to the manufacturer’s recommendation.

Scoring of Immunoreactivity. The immunoreactivity of
these antibodies was scored according to the subcellular localiza-
tion (membrane, nuclear, and/or cytoplasmic), staining intensity
(strong, moderate, weak, and faint or slightly above background),
and fraction of positive staining. The mean fraction of positive
tumor cells was determined in at least nine areas at X100 or X200
magnification. p21 immunoreactivity was determined by the per-
centage of positively stained tumor cells as well as the subcellular
localization of staining and was categorized as negative, nuclear,
and cytoplasmic. Negative was defined as undetectable cytoplas-
mic or nuclear staining. Nuclear p21 was defined as the fraction of
tumor cells with positive nuclear staining greater than or equal to
that of positive cytoplasmic staining. Cytoplasmic p21 was defined
as the fraction of cytoplasmic staining greater than that of nuclear
staining. HER2/nen immunoreactivity was determined by mem-
brane staining and categorized as 0 to 3+. A score of 0 was defined
as undetectable staining or membrane staining in <10% of tumor
cells, a score of 1+ was defined as faint membrane staining in
>10% of tumor cells, a score of 2+ was defined as weak to
moderate membrane staining in >10% of tumor cells, and a score
of 3+ was defined as intense membrane staining in >10% of
tumor cells. The immunoreactivities of phospho-Akt and phospho-
p21 (T145) were also ranked into four groups according to the
percentage of positively stained tumor cells, including cytoplasmic
and nuclear staining: 0, no staining; 1+, <20% cells stained; 2+,
20-49% cells stained; and 3+, >50% cells stained. For analysis,
HER2/neu, phospho-Akt, and phospho-p21 (T145) expressions
was further classified as low (score 0 and 1+) or high (scores 2+
and 3+). The slides were read independently by two investigators
without knowledge of the clinical data. If differences between
observers occurred, both investigators used a multiheaded micro-
scope to reexamine the slides.

Statistical Analysis. Data on eligible patients were sum-

marized by use of standard descriptive statistics and frequency

tabulation. The associations between expression of biomarkers
(p21, phospho-p21, HER2/neu, and phospho-Akt) and various

Table 1  Clinicopathological and immunohistochemical data
for the patients
Patients
Characteristic n %
Total 130 100
Age (yrs)
=48 66 51
>48 64 49
Tumor status
T, 66 51
T, 53 41
T, 1 8
Lymph node status
No 68 52
N, 25 19
N, 32 25
N; 5 4
Stage
I 45 35
I 46 35
1 39 30
Tumor grade®
1 28 22
2 43 33
3 59 45
Estrogen receptor
Negative 68 52
Positive 42 32
Unknown 20 15
Progesterone receptor
Negative 57 44
Positive 54 41
Unknown 19 15
p21®
Negative 53 41
Nuclear 34 26
Cytoplasmic 43 33
Phospho-p21 (T145)
Low
0 64 49
1+ 26 20
High
2+ 27 21
3+ 13 10
HER2/neu
Low
0 42 32
1+ 42 32
High
2+ 21 16
3+ 25 19
Phospho-Akt
Low
0 73 56
1+ 23 18
High
2+ 14 11
3+ 20 15

“Tumor grade was classified by WHO criteria (grade 1, well differ-
entiated; grade 2, moderately differentiated; grade 3, poorly differentiated).

b Nuclear p21, fraction of nuclear staining greater than or equal to
fraction of cytoplasmic staining; cytoplasmic p21, fraction of cytoplas-
mic staining greater than fraction of nuclear staining.

clinicopathological parameters were assessed by cross-tabula-
tion x? tests. All correlations between each biomarker were
analyzed by Kendall’s 7-b analysis. The overall survival after
surgery was plotted by use of the Kaplan-Meier method. The




HER2/neu

Fig. 2 Representative immunohistochemical pictures of phospho-p21 (T145), HER2/neu, and phospho-Akt in cytoplasmic p21 (C) or nuclear p21
(N) specimens. Tissue sections from patients with cytoplasmic p21 (A-D) and nuclear p21 (E-H) were stained with specific antibodies against p21
(A, cytoplasmic; E, nuclear), phospho-p21 (T145) (B, overexpression; F, negative), HER2/neu (C, overexpression; G, negative), and phsopho-Akt (D,

overexpression; H, negative).

log-rank test was used to analyze differences in survival time.
The Cox proportional hazard regression model was used to
assess effect of patients” prognostic factors on overall survival.
Statistical analysis was performed with SAS 8.0 and S-plus
2000 software. All tests were two-sided, and the level of sig-
nificance was set at 0.05.

RESULTS

Characterization of Anti-Phospho-p21 (T145) Anti-
body. Our previous study demonstrated that activated Akt can
phosphorylate p21 at threonine 145 and lead to cytoplasmic local-
ization of p21 in HER2/neu-overexpressing breast cancer cells
(12). To further validate that p21 is phosphorylated on threonine
145 in cancer cells, we developed an anti-phospho-p21 (T145)
antibody to recognize this phosphorylation site (see “Materials and
Methods”). To characterize the specificity of this antibody, we
cotransfected p21 with either wild-type or kinase-dead Akt into
293T cells to determine the specificity of this antibody by a
biochemical method. As shown in Fig. 1, phosphorylation of p21 at
threonine 145 was detected by this antibody, suggesting that this
antibody could recognize phopho-p21 (T145) specifically.

Clinicopathological and IHC Profiles of the Study Pop-
ulation. Patient and tumor characteristics for the entire study
population are shown in Table 1. For the 130 patients, the
median age was 48 years (range, 2687 years). No patients had
T4 disease or detectable distant metastasis at the time of the
surgery. Pathology examination revealed that 118 (91%) of the
tumors were infiltrating ductal carcinomas; the remaining 12
(9%) were infiltrating lobular carcinomas. Representative IHC
photographs of p21, phospho-p21 (T145), HER2/neu, and phos-
pho-Akt are shown in Fig. 2. Positive p21 expression was found
in 59% of patients, and the immunoreactivity was in both the
cytoplasm and nucleus for the majority of these patients, with
26% mainly in the nucleus and 33% mainly in the cytoplasm.
Phospho-p21 (T145) levels were high in 40 (31%) patients, with

staining predominantly in the cytoplasm. Phospho-Akt levels
were high in 34 (26%) patients, with staining located mainly in
the cytoplasm and nucleus. HER2/neu levels were high in 46
(35%) patients, with staining mainly in the cell membrane and
cytoplasm. To validate the results from the IHC staining, we
used FISH to examine randomly selected IHC breast tumors
from this cohort. Among HER2/neu 3+ and 2+ tissues, we
found high degree of correlation, nearly 2+ (87.5%), 3+
(100%), and 0 (100%). Thus, the IHC result is highly consistent
with the result from FISH (Table 2 and Fig. 3).

The relationship between various clinicopathological pa-
rameters and the biological markers are shown in Table 3. No
significant association was noted between the subcellular local-
ization of p21 and age, tumor size, lymph node status, stage,
tumor grade, or estrogen and progesterone receptor status. When
compared with low expression of phospho-p21, HER2/neu, and
phospho-Akt, overexpression of these biological markers was
also not associated with any clinicopathological parameter of
breast cancer patients.

Cytoplasmic p21 Is Highly Correlated with Overex-
pression of Phospho-p21 (T145), Which Is Located Primar-
ily in the Cytoplasm. To further study the correlation between
phospho-p21 (T145) and overall survival of breast cancer patients,

Table 2 Comparison of immunohistochemical staining and
fluorescence in situ hybridization

HER2/neu THC

HER2/neu probe® FISH® 3+ 1+ 0 Total
Amplified 5 7 0 12
Nonamplified 0 1 5 6
Total 5 8 5 18

@ Pearson’s x° test (SPSS): P = 0.95 (P > 0.05).
b FISH, fluorescence in situ hybridization; IHC, immunohisto-
chemical staining.
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HER2/neu

Fig. 3 HER2/neu expression and amplification de-
tected by immunohistochemical staining (/HC) and flu-
orescence in situ hybridization (FISH), respectively.
THC negative (—) is related to FISH nonamplified (-);
THC high positive (++) is correlated to FISH amplified
(++). For the FISH assay, green is chromosome 17
centromere; and red is HER2/neu.

we examined surgical specimens from breast cancer patients im-
munohistochemically, using this antibody. The subcellular location
of positive staining was predominantly in the cytoplasm (Fig. 2B).
Nuclear staining could be detected in only 2 of the 66 specimens
with cytoplasmic staining and was very weak. In addition, the
expression of phospho-p21 (T145) was highly correlated with the

FISH

subcellular localization of p21 (Table 4). When p21 was localized
mainly in the cytoplasm, phospho-p21 (T145) was likely to be
highly expressed (see also Fig. 2, A and B). In contrast, when p21
was located mainly in the nucleus, phospho-p21 (T145) expression
tended to be low or negative [see Fig. 2, E and F; correlation
coefficient (r) = 0.33; P = 0.001).

Table 3 Association of p21, phospho-p21, HER2/neu, and phospho-Akt with clinicopathological parameters in 130 breast cancer patients
P > 0.05 for all associations between biomarkers and clinicopathological variables analyzed by cross-tabulation (x 2 test).

No. of patients (%)

High phospho-p21

High HER2/neu

High phospho-Akt

Parameters Cytoplasmic p21° +/3+) (2+/3+) (2+/3+)

Total (n) 43 40 46 34
Age (yrs)

=48 20 (15.4%) 18 (13.8%) 25 (19.2%) 16 (12.3%)

>48 23 (17.7%) 22 (16.9%) 21 (16.2%) 18 (13.8%)
Tumor size

T, 17(13.1%) 17 (13.1%) 19 (14.6%) 18 (13.8%)

T, and T, 26 (20.0%) 23 (17.7%) 27 (20.8%) 16 (12.3%)
Lymph node

Negative 18 (13.8%) 17 (13.1%) 21 (16.2%) 16 (12.3%)

Positive 25 (19.2%) 23 (17.7%) 25 (19.2%) 18 (13.8%)
Stage

1 9 (6.9%) 12 (9.2%) 14 (10.8%) 14 (10.8%)

1I 17 (13.1%) 12 (9.2%) 13 (10.0%) 6 (4.6%)

111 17 (13.1%) 16 (12.3%) 19 (14.6%) 14 (10.8%)
Tumor grade

1 6 (4.6%) 7 (5.4%) 6 (4.6%) 6 (4.6%)

2 12 (9.2%) 13 (10.0%) 14 (10.8%) 13 (10.0%)

3 25 (19.2%) 20 (15.4%) 26 (20.0%) 15 (11.5%)
Estrogen receptor”

Negative 16 (14.5%) 18 (16.4%) 19 (17.3%) 20(18.2%)

Positive 15 (13.6%) 15 (13.6%) 17 (15.5%) 9 (8.2%)
Progesterone receptor”

Negative 15(13.5%) 20 (18.2%) 15(13.5%) 13 (11.7%)

Positive 16 (14.4%) 9(8.2%) 21(18.9%) 16 (14.4%)

“ p21 status was divided into three groups: negative, nuclear, and cytoplasmic.

® Data from 20 patients are missing.
© Data from 19 patients are missing.
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Table 4 Correlation between subcellular localization of p21 and immunoreactivity of phospho-p21 (T145)

r = 0.33; P = 0.001 (Kendall’s 7 -b analysis).

p21 subcellular localization, n (%)

Phospho-p21

staining Nuclear (n = 34) Cytoplasmic (n = 43) Total” (n = 77)
0 16 (21%) 6 (8%) 22 (29%)
1+ 8 (10%) 10 (13%) 18 (23%)
2+ 6 (8%) 18 (23%) 24 (31%)
3+ 4 (5%) 9 (12%) 13 (17%)

“ Fifty-three patients with negative staining for p21 were excluded.

Table 5 Correlation between immunoreactivity of HER2/neu and phospho-Akt

r = 0.45; P < 0.0001.

Phospho-Akt

HER2/neu staining, n (%)

staining 0(n=42) 1+ (n = 42) 24+ (n = 21) 3+ (n = 25) Total (n = 130)
0 38 (29%) 20 (15%) 8 (6%) 7 (5%) 73 (56%)
1+ 3 (2%) 10 (8%) 6 (4%) 4 (3%) 23 (18%)
2+ 1 (1%) 7 (5%) 2 (2%) 4 (3%) 14 (11%)
3+ 0 (0%) 5 (4%) 5 (4%) 10 (8%) 20 (15%)

Cytoplasmic Localization of p21 and Overexpression of
Phospho-p21 (T145) Are Associated with Overexpression of
HER2/neu and Phospho-Akt. Because we previously demon-
strated that activated Akt phosphorylates p21 and determined its
subcellular localization in HER2/neu-overexpressing cells (12), we
examined the correlations among these molecules in this pathway.
As shown in Table 5, the level of phospho-Akt expression was

ing the previous report that HER2/neu overexpression activates Akt
by phosphorylation of Akt (12). The association between the levels
of HER2/neu or phospho-Akt expression and the cellular localiza-
tion of p21 was also significant (Tables 6 and 7), indicating that
when HER2/neu or phospho-Akt was highly expressed, p21 was
localized mainly in the cytoplasm (see Fig. 2, A, C, and D). In

contrast, when the levels of HER2/neu or phospho-Akt expression
were low or negative, p21 tended to be negative or localized mainly
in the nucleus (see Fig. 2, E, G, and H). Furthermore, the levels of
HER2/neu and phospho-Akt expression were positively associated
with the levels of phospho-p21 (T145) expression (r = 049, P <
0.001 for HER2/neu; r = 0.52, P < 0.001 for phospho-Akt). All of
these data consistently support the hypothesis that overexpression
of HER2/neu can activate/phosphorylate Akt, which in turn phos-
phorylates p21 at threonine 145 and leads to cytoplasmic localiza-
tion of p21.

Cytoplasmic Localization of p21 and Overexpression of
Phospho-p21 (T145) Are Associated with Poor Patient Sur-
vival. We next sought to clinically determine whether subcel-
lular localization of p21 and the levels of phospho-p21 (T145)

Table 6 Correlation between subcellular localization of p21 and HER2/neu immunoreactivity

r = 0.37; P = 0.0003.

p21 subcellular localization, n (%)

HER2/neu
staining Negative (n = 53) Nuclear (n = 34) Cytoplasmic (n = 43) Total (n = 130)
0 28 (22%) 10 (8%) 4 (3%) 42 (32%)
1+ 15 (12%) 13 (10%) 14 (11%) 42 (32%)
2+ 5 (4%) 5 (4%) 11 (9%) 21 (16%)
3+ 5 (4%) 6 (5%) 14 (11%) 25 (19%)

strongly correlated with the level of HER/neu expression, support-
|
|
|

Table 7 Correlation between subcellular localization of p21 and immunoreactivity of phospho-Akt

r=0.32; P = 0.0011.

p21 subcellular localization, n (%)

staining Negative (n = 53) Nuclear (n = 34) Cytoplasmic (n = 43) Total (n = 130)
0 38 (29%) 21 (16%) 14 (11%) 73 (56%)
1+ 10 (8%) 3 (2%) 10 (8%) 23 (18%)
2+ 4 (3%) 3 (2%) 7 (5%) 14 (11%)
3+ 1 (1%) 7 (5%) 12 (9%) 20 (15%)

Phospho-Akt
|
\
|
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Fig. 4 Kaplan-Meier analyses of overall survival of breast cancer patients. Survival curves are stratified by expression status of p21 (4), phospho-p21
(T145) (B), HER2/neu (C), and phospho-Akt (D). Differences in survival distributions were evaluated by log-rank tests.

expression affected patient survival. We found that the overall
survival of patients with p21 localized in the cytoplasm was
much worse than that of patients in whom p21 was negative or
localized in the nucleus (P < 0.0001; Fig. 4A). However, the
difference in overall survival between patients negative for p21
and for nuclear p21 was not significant (P = 0.32). Consistent
with cytoplasmic localization of p21, high levels of phospho-
p21 (T145) were also associated with poor patient survival
compared with low phospho-p21 (T145) levels (Fig. 4B). In
addition, poor overall survival was noted in patients with over-
expression of HER2/neu and phospho-Akt (Fig. 4, C and D).
The effects of p21 subcellular localization and phospho-p21
(T145), HER2/neu, and phospho-Akt status on disease-free sur-

vival revealed trends similar to those for overall survival (data
not shown).

Combined Subcellular Localization of p21 and Expres-
sion Status of HER2/neu Provide a Better Prognostic Factor.
To determine the prognostic importance of clinicopathological
parameters and the HER2/neu-Akt-p21 pathway members in
breast cancer, we performed Cox proportional hazard regression
analyses on 130 breast cancer patients. Univariate analysis re-
vealed that large tumor size; advanced nodal status; advanced
TNM stage; overexpression of HER2/neu, phospho-Akt, and
phospho-p21 (T145); and cytoplasmic localization of p21 were
associated with a poor outcome (Table 84). In multivariate
analysis, only large tumor size, advanced nodal status, overex-
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Table 8 Cox’s proportional hazard model analysis of prognostic factors in breast cancer patients

Variable Parameter estimate SE P Relative risk
A. Univariate analysis
Age (> 48 vs. <48 yrs) 0.41 0.28 0.14 1.50
Tumor (11 vs. I} 0.91 0.32 0.004 2.49
Tumor (Il vs. 1) 1.95 0.42 <0.0001 7.03
Node (N, vs. N) 0.68 0.40 0.09 1.97
Node (N, or N5 vs. Ny) 0.80 0.37 0.033 2.22
Stage (I or Il vs. I) 1.17 0.37 0.001 3.23
Grade 2or3vs. 1) 0.69 0.41 0.09 1.98
HER2/neu (high vs. low) 1.31 0.28 <0.0001 3.72
Phospho-Akt (high vs. low) 0.77 0.29 0.008 2.16
Phospho-p21 (T145) (high vs. low) 1.22 0.28 <0.0001 3.39
p21 (cytoplasmic vs. others) 1.55 0.29 <0.0001 4.73
HER2/neu (low) + p21 (cytoplasmic)® 1.35 0.43 0.0018 3.85
HER2/neu (high) + p21 (neg.®/nuclear)” 1.04 0.44 0.018 2.83
HER2/neu (high) + p21 (cytoplasmic)® 232 0.37 <0.0001 10.18
B. Multivariate analysis

Tumor status (T, vs. T,) 0.42 0.33 0.21 1.52
Tumor status (T5 vs. T,) 2.17 0.47 <0.0001 8.77
Node (N, vs. Ny) 0.56 0.41 0.17 1.75
Node (N, or N3 vs. Ny) 0.70 0.39 0.071 2.01
HER2/neu (high vs. low) 1.09 0.31 0.001 297
p21 (cytoplasmic vs. others) 1.31 0.31 <0.0001 3n
HER2/neu (low) + p21 (cytoplasmic)® 1.37 0.44 0.002 3.92
HER2/neu (high) + p21 (neg./nuclear)” LI5 0.45 0.011 3.15

2.41 0.39 <0.0001 11.08

2 The combination of HER2/neu (low) and p21 (negative/nuclear) is used as the baseline. The relative risk of the combined HER2/neu (low) and
p21 (cytoplasmic) against baseline is 3.85 by univariate analysis, 3.92 by multivariate analysis.

% neg., negative.

pression of HER2/neu, and cytoplasmic localization of p21 were
significant and independent prognostic factors in this study
(Table 8B). To better predict the prognosis of breast cancer
patients, we combined the expression status of HER2/neu and
subcellular localization of p21, creating a new prognostic factor.
To simplify the classification, patients negative for p21 and
nuclear p21 were combined into one group (negative/nuclear
p21) because their survival rates were not significantly different.
When patients’ overall survival was stratified by this new com-
bined factor, the 5-year survival rates were, respectively, 79, 60,
29, and 16% for the four groups: (a) patients with low HERY/
neu and negative/nuclear p21; (b) patients with high HER2/neu
and negative/nuclear p21; (c) patients with low HER2/neu and
cytoplasmic p21; and (d) patients with high HER2/nex and
cytoplasmic p21 (P < 0.001; Fig. 5A). This new factor was
found to be a more powerful predictor of patient survival than
any individual clinicopathological or biological marker in this
study by Cox regression model and Kaplan-Meier survival
analyses (see also Table 8 and Fig. 4), with a relative risk by
multivariate analysis of 11.08 (P < 0.0001) for patients with
overexpressed HER2/neu and cytoplasmic p21. Furthermore,
the predictive power and accuracy of this new prognostic factor
could be comparable to TNM staging, the “gold standard”
prognostic determinant of breast cancer (Fig. 5B).

DISCUSSION
The present study examined the expression status of the
key members of the HER2/neu-Akt-p21 pathway in breast can-

cers as well as their relationship with clinicopathological pa-
rameters and patient survival. We demonstrated that the cyto-
plasmic localization of p21 is highly correlated with
overexpression of phospho-p21 (T145). Both cytoplasmic p21
and overexpression of phospho-p21 (T145) are associated with
high expression levels of HER2/neu and phospho-Akt, and all of
these biological conditions are associated with poor survival of
breast cancer patients. In addition, by the multivariate Cox
proportional hazard model, overexpression of HER2/nex and
cytoplasmic p21 were found to be significant and independent
factors in predicting outcome. Further stratification of patients’
survival by combined HER2/neu and p21 status provides a more
accurate prediction than any individual clinicopathological and
biological factor. The predictive power of this new combined
factor could be comparable to that of TNM staging.

The role of p21 in the prognosis of breast cancer patients
has been controversial. Several studies demonstrated that by
using a monoclonal antibody (clone 4D10, mouse IgG1 subtype;
Novocastra, Newcastle upon Tyne, United Kingdom), the ex-
pression of p21 was predominantly in the nucleus and provided
no prognostic information (23, 24). However, using another
monoclonal antibody (Ab-1; Calbiochem, Cambridge, MA), one
study revealed that p21 immunoreactivity was both cytoplasmic
and nuclear in the majority of breast cancers and that cytoplas-
mic p21, rather than the total p21 level, was associated with
poor survival (25). In our study, two antibodies that recognized
different forms of p21 were used. With anti-p21 (c-19; Santa
Cruz Biotechnology), the immunoreactivity was both cytoplas-
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Fig. 5 Kaplan-Meier analyses of overall survival of breast cancer patients. Survival curves are stratified by a combination of expression status of
HER2/neu and subcellular localization of p21 (A; line a, low HER2/neu and negative/nuclear p21; line b, high HER2/neu and negative/nuclear p21;
line ¢, low HER2/neu and cytoplasmic p21; line d, high HER2/neu and cytoplasmic p21) and TNM stage (B). Differences in survival distributions

were evaluated by log-rank tests.

mic and nuclear. With anti-phospho-p21 (T145), the immuno-
reactivity was primarily in the cytoplasm. Both antibodies con-
sistently showed that p21, particularly the phosphorylated form,
can be localized in the cytoplasm and that cytoplasmic local-
ization of p21 was associated with a poor outcome for breast
cancer patients. On the other hand, nuclear p21 was more
closely associated with low levels of HER2/neu and phospho-
Akt, and the overall survival of patients with nuclear p21 was
not significantly different from that of those negative for p21.
Our results suggest that the previous controversy over clinical
results might be caused by the different antibodies used in IHC
staining and different interpretation of subcellular localization
of p21.

Many laboratory findings suggest that p21 might play dual
roles in regulating cell cycle progression and apoptosis by
changing its subcellular localization. Our data demonstrate that
cytoplasmic p21 has a prognostic implication different from that
of nuclear p21 in breast cancer patients. However, the molecular
mechanisms by which p21 changes its subcellular localization
remained elusive until we reported that Akt may play a pivotal
role in p21 localization (12). In that study, we showed that
activated Akt physically associates with and phosphorylates p21
at threonine 145, resulting in cytoplasmic localization of p21.
Blocking of the Akt pathway with an Akt (KD) mutant restores
the nuclear localization and cell-growth inhibition of p21. In the
present study, we consolidate these findings in a clinical setting
by showing that overexpression of activated/phosphorylated Akt
is highly correlated with overexpression of phospho-p21 (T145)
and cytoplasmic localization of p21 and that phospho-p21
(T145), when detected, is primarily localized in the cytoplasm.
Our results also indicate that the Akt-p21 pathway plays an
important role in the prognosis of breast cancer patients because

high levels of phospho-Akt and phospho-p21 (T145) and cyto-
plasmic localization of p21 are associated with poor patient
survival.

Although we clearly showed that activated Akt induces
cytoplasmic localization of p2]1 and correlates with shorter
survival of patients, the clinical sequence by which cytoplasmic
p21 leads to poor prognosis remains unclear. Using a multiva-
riate Cox proportional hazard mode! and analyses of the corre-
lation with clinicopathological parameters, we found that cyto-
plasmic p21 is an independent prognostic factor that correlated
with no clinicopathological parameters, such as large tumor
size, advanced lymph node metastases, or poor tumor grade in
this study. However, recent studies revealed that breast cancer
cells and leukemia cells can induce resistance to chemothera-
peutic drugs through overexpression of p21 (20, 21) and that
activation of Akt can lead to cytoplasmic localization and sta-
bilization of p21 (12, 30). We therefore hypothesize that after
phosphorylation by activated Akt, p21 can increase its expres-
sion levels, translocate into the cytoplasm, induce the phenotype
of chemoresistance, and finally lead to poor survival of breast
cancer patients irrespective of tumor size, grade, and lymph
node status.

The relationship between HER2/neu and the Akt-p21 path-
way has rarely been addressed. In this study, we found that
cytoplasmic localization of p21 and overexpression of phospho-
p21 (T145) and phospho-Akt were highly associated with over-
expression of HER2/neu, in concordance with our previous
finding that the Akt pathway is required for HER2/neu-mediated
cell proliferation (12). However, our patients’ data also implied
that overexpression of HER2/neu may not be the only mecha-
nism to induce Akt activation and p21 phosphorylation/cyto-
plasmic localization in breast cancer patients because the mul-
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tivariate Cox proportional hazard model revealed that HER2/
neu overexpression and p2l cytoplasmic localization are
significant but independent prognostic factors, suggesting that,
in addition to HER2/neu, other pathways could activate Akt or
phosphorylate p21 and cause p21 to localize in the cytoplasm.
Furthermore, overexpression of HER2/neu can reduce patient
survival through many pathways other than Akt-p21.

The advance of laboratory studies has provided many bi-
ological markers to predict the prognosis of patients and provide
targets for therapy. The accumulated results of studies also
indicate that, with appropriate selection, multiple markers might
be more informative than any single marker for the prediction of
clinical outcome in breast cancer patients (31). In this study, in
addition to consolidating the mechanisms of p21 regulation
through the activation of the HER2/Akt pathway, we also dem-
onstrated that cytoplasmic p21 was an independent prognostic
factor in breast cancer patients. A novel combination of subcel-
lular localization of p21 and expression status of HER2/neu
clearly stratified the patients into four distinctly different sur-
vival groups. Among them, the 5-year survival rate of patients
with low HER2/nex and negative/nuclear p21 was 79%, in
contrast to only 16% in those patients with high HER2/neu and
cytoplasmic p21. This novel combination not only provides a
better prognostic prediction than any individual clinicopatho-
logical or biological marker, it also indicates that targeting only
one molecule, such as HER2/new, could be insufficient. Novel
therapeutic agents that target phosphorylation/cytoplasmic lo-
calization of p21 may also contribute to optimal treatment of
breast cancer patients.
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E1A-mediated sensitization to anti-cancer drug-induced apoptosis in human breast
cancer (Abstract).
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Most chemotherapeutic drugs kill cancer cells by inducing apoptosis, and a deficiency in
apoptosis often confers drug resistance. Therefore, a novel strategy for combating cancer
is to restore the sensitivity of cancer cells to apoptosis. By studying of stable cells in
vitro and systemic gene therapy in othortopic breast cancer model in animal model in
vivo, we showed that introducing adenovirus type 5 early region 1A (E1A) into tumor
cells resulted in sensitization to paclitaxel (Taxol)-induced apoptosis and enhancement
of Taxol antitumor activity. Molecular analysis indicated that this beneficial anti-tumor
effect was achieved, at least partly, by E1A-mediated down regulating Akt activity and
up regulating p38 activity in breast cancer cells. The same mechanism was observed
using additional anti-cancer drugs, such as doxorubicin (Adriamycin), cis-platin,
methotrexate, and gemcitabine. Further genetic analysis reveiled that disrupting Rb
pathway by E1A was required for chemosensitization, whereas disrupting E1A’s ability
to bind with p300 did not abrogate E1A-mediated chemosensitization. Thus, our results
support that integration of pro- and anti-apoptotic signalings by E1A contributed to E1A-
mediated sensitization to chemotherapeutic drug-induced apoptosis.
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